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ABSTRACT 
This thesis reports on an investigation of seasonal changes in tissue levels in Scottish 
Blackface hill ewes throughout their reproductive lifetime. X-ray computer tomography 
(CT) scanning was used to produce accurate estimates of total body weights of muscle, 
carcass fat and internal fat. 
A calibration trial was undertaken which identified five anatomical sites on the ewe that 
provided the most informative cross-sectional CT scans to allow the derivation of prediction 
equations to estimate total weights of bone, muscle and fat in different body depots. 
Seasonal tissue changes, estimated from CT measurements, were then investigated during 
one annual cycle, in ewes producing different numbers of lambs. Carcass fat (subcutaneous 
and inter-muscular) and internal fat depots were depleted during pregnancy and early 
lactation and repleted from mid-lactation to mating the next year. Muscle was mobilised 
only when fat reserves were severely depleted. 
Genetic parameters were estimated for fat (carcass and internal) and muscle weights 
during the first production cycle of ewes (at pre-mating, pre-lambing, mid-lactation, weaning 
and pre-mating the following year), and for total tissue weight loss (pre-mating to mid-
lactation) and weight gain (mid-lactation to pre-mating). Heritabilities were moderate to 
large for most traits except total tissue weight gain of fat and muscle, which showed little 
genetic variation. Genetic and phenotypic correlations with lamb production traits were then 
investigated. Muscle weight in the ewe throughout the production cycle, and internal fat 
weight at events before lambing, tended to be positively correlated with number of lambs 
born and total weaning weight of lambs. No clear relationships were apparent between total 
carcass fat weight and lamb production traits. Moderate to large genetic correlations were 
estimated between weight loss from each tissue and total weights of lambs reared to mid-
lactation or weaning. 
Changes in tissue levels were modelled over the reproductive lifetime of ewes using 
random regression, and genetic and phenotypic parameters estimated at different time-
points. Heritabilities were moderate to high for each tissue and were highest during mating 
for fat weights, and during the dry period and at lambing for muscle weights. Tissue levels 
in the ewe were affected by the number of lambs produced in the current and previous years 
and this effect increased as ewes aged. 
Correlations were estimated for ewe tissue weights throughout their reproductive lifetime 
(modelled using random regression) with total weights and growth rates of lambs produced. 
Genetic correlations with lamb growth traits were moderate to large and positive for muscle 
weights throughout the productive lifetime of the ewe, and small to moderate and positive 
for internal fat weights. Correlations between carcass fat weight in the ewe and lamb growth 
traits were not significantly different from zero. 
The findings from these analyses have implications for hill sheep breeding programmes. 
To achieve the aims of increasing litter weights at weaning whilst improving carcass quality, 
it may be preferable to increase muscle weight in the ewe flock, decrease carcass fat weight 
and maintain, rather than reduce internal fat. 
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Chapter 1: Introduction 
1.1 	Background 
In commercial sheep flocks in many countries the ultimate aim is to produce lambs for 
slaughter. The value of slaughter lambs depends on the quantity and distribution of fat and 
muscle throughout the carcass, as well as carcass weight. Consumer surveys indicate an 
aversion to fat on cuts of meat (Wood, 1982), and the price paid for carcasses awarded 
different fat and conformation grades at the abattoir partly reflects these preferences. Most 
sheep breeding programmes in the last couple of decades have focused therefore on 
improving carcass weight and quality by increasing lean and decreasing fat. This is 
especially true in terminal sire or specialised meat breeds. 
However, for sheep breeds with a maternal role, such as the UK hill breeds, traits such as 
litter size, maternal ability and longevity are also of importance, both on economic and 
welfare grounds. There has been concern amongst hill sheep producers that breeding for 
decreased fat in hill breeds will compromise some of these maternal traits. Many breeding 
hill ewes live in harsh, extensive environments where food is scarce and weather conditions 
severe for a large part of the year. Body tissues are mobilised by ewes in these environments 
to allow survival through winter, as they conceive and carry lambs (Russel et al., 1968). 
Therefore, it is important to understand the role of different tissues within the hill ewe and 
how these reserves are depleted and repleted throughout the annual production cycle. 
Relationships between tissue levels in the ewe and her ability to produce and rear lambs are 
also important. An understanding of the genetics of ewe body composition traits and their 
relationships with lamb production traits is essential to decide how best to incorporate 
carcass composition traits into selection programmes for hill sheep. 
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1.2 	X-Ray Computer Tomography 
X-ray computer tomography (CT) is a non-invasive technique that distinguishes different 
body tissues in-vivo. This technique can be used to measure fat, muscle and bone in 
different depots within sheep. Animals are sedated and secured on a cradle on their backs 
before being passed through a circular gantry which houses a rotating X-ray source. X-ray 
beams pass through the animal's body and their attenuation is measured by multiple 
detectors positioned on the opposite side (Wegner, 1993). The amount of absorption of the 
x-rays depends on tissue density and can be quantified using CT numbers or Houndsfield 
units (HU). The CT scanner is calibrated to assign water a value of 0 HU and air a value of 
—1000 and different tissues can be assigned values ranging from —1000 to +1000 HU. 
Adipose tissue lies in the range of —100 to +48 HU, muscle is denser (40-50 HU) and bone 
the most dense (200-1000 HU) (Wegner, 1993). Following a 360° rotation of the X-ray 
source, a matrix of attenuation values or CT numbers is produced, depicting a large number 
of individual elements ('pixels') in the scan plane. This data can then be used to create a 
two-dimensional spatial image of the scanned object (Simm, 1987). CT numbers in different 
density ranges are represented by different shades of grey on a bitmap image produced on a 
PC monitor. Fat appears dark grey, muscle light grey and bone white. In this way a two-
dimensional image of each cross-section of the animal is produced on the screen. Areas of 
different tissues can be measured by tracing the boundary of the area of interest on the 
monitor using a computer mouse. An algorithm then counts the number of pixels within this 
area which lie within each density range and allocates them to either fat, muscle or bone, to 
produce areas for each tissue within each two-dimensional image. 
Animals can be scanned in many parallel sections down the length of the body and the total 
volume of fat, muscle and bone estimated using the Cavalieri method. For sheep, this 
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method involves the collection of approximately 20 parallel two-dimensional images at 
equal spacing spanning the length of the body (Vangen and Jopson, 1996). The starting 
position for the first scan image is randomly placed. The volume of tissue over the entire 
body can then be calculated accurately using the equation: total section area of compartment 
x section interval = volume of compartment (Roberts et al., 1993). This method produces 
no bias, but is time consuming and expensive. Reference slices are often used as a cheaper 
and quicker alternative method to estimate tissue volumes. With this method CT images are 
produced from a few key sites on the animal which are best for predicting whole body 
carcass and non-carcass tissue volumes using prediction equations (Sehested, 1984; Young 
et al., 1996). Tissue volumes can then be converted to weights using standard values for 
tissue density. 
1.3 	Benefits of CT for estimating body composition 
Previous studies and commercial breeding programmes have used live weights, condition 
scoring, ultrasound scanning, chemical analysis or serial slaughter of animals to estimate or 
quantify changes in body composition over time. Live weight is not an accurate predictor of 
tissue changes. Bocquier and Theriez (1984), studying ewe body composition at different 
physiological states (early lactation, mid-lactation or dry) using deuterium oxide, found that 
total fat weight differed between physiological states, being significantly lower at mid-
lactation. However, this was not reflected in ewe body weights, which did not differ with 
physiological state. Dissection has been considered the most accurate method of measuring 
body composition to date. Correlations between tissue volumes measured using CT 
scanning and dissection are very high. Young et al. (1987) found correlations of 0.997, 
0.985, 0.992, for CT fat, muscle and bone volumes respectively, with corresponding tissue 
weights from dissection. Unlike slaughter trials, CT scanning allows measurements to be 
taken over time on the same individual animals. Relationships between carcass and adult 
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traits can be predicted accurately on the same animals, using CT to estimate quantity and 
distribution of different tissues at slaughter age, without destroying the animal (Vangen and 
Jopson, 1996). The non-destructive nature of CT scanning also makes this technique 
favourable on welfare grounds compared to dissection studies and allows larger sample 
sizes. 
The use of X-ray computer tomography can greatly increase the accuracy of predicting total 
body tissue weights or volumes compared to other live animal methods. It is therefore a 
useful tool both in research studies and commercial sheep breeding programmes. The 
inclusion of CT measurements in breeding programmes is expected to increase the accuracy 
of selection and therefore the response to selection and the rate of genetic gain (Simm, 
1987). Simm and Dingwall (1989) investigated response to selection on an economic index 
with lean and fat weight included in the goal traits. They estimated that response could be 
increased by around fifty percent by selection on an in vivo method with perfect precision 
for predicting lean and fat weight, compared to selection on ultrasound fat and muscle 
depths. Jopson et al. (1995) estimated a seventy percent gain in economic index for 
increased carcass lean and decreased carcass fat by selecting sheep using an index including 
CT measurements, compared to selection on an index using only live weight and ultrasound 
measurements. Selection strategies to increase carcass muscle weight in meat sheep breeds 
whilst minimising change in weight of carcass fat were modelled by Thompson et al. 
(1996). Selection using only live weights and real-time ultrasound led to an average increase 
in muscle weight of 115g per annum and a small increase in fat weight (1 I  per annum). By 
adding a single CT reference slice to the index, the genetic gain of muscle weight increased 
by fifty percent and by adding total body CT measurements (12-15 slices) the genetic gain 
increased by 250%, compared to the index with no CT data. However, Young et al. (1996) 
found that two or more CT slices were required for the accuracy of tissue weight prediction 
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to be greater than that achieved using ultrasound fat and muscle measurements, when 
studying Dorset Down ewe hoggets. 
For sheep in a small commercial population the cost of CT scanning is difficult to justify. 
However, Thompson et ai. (1996) concluded that CT scanning could be profitably applied 
in a large, well-integrated sheep operation, perhaps using Cavalieri scans of nucleus animals 
to produce total weights of lean and fat, but using only ultrasound scanning at multiplier 
level. The economic benefits of CT depend largely on selection intensity, generation 
interval and the design of the breeding structure for dissemination of improved genetics 
(Jopson el cii., 1997a). 
As well as the potential commercial applications of CT scanning, this technique could be of 
great use in a number of areas of agricultural research (Vangen and Jopson, 1996). Using 
CT measurements in studies of growth and development allows the investigation of changes 
in body composition within individual animals. For example, Ball ci al. (1996) studied 
growing Merino sheep from weaning to maturity using CT and were able to model changes 
in total body fat and muscle over time. 
1.4 	Seasonal changes in total fat and muscle in breeding animals 
CT scanning also has great potential as a tool to investigate changes in body tissue levels in 
mature animals. A CT scanning study of seasonal changes in tissue levels in mature fallow 
deer found that oscillations in fat and muscle could be observed throughout the year 
independent of changes in empty body mass (Weber and Thompson, 1998a). 
Seasonal changes in fat and muscle levels in breeding females have been studied in several 
wild and domestic species, in order to investigate the role of these reserves in enabling 
animals to cope with fluctuations in food supply and the pressures of reproduction in 
challenging environments. Studies of wild female hares and red deer in hill environments in 
New Zealand found that fat levels increase during autumn, peak in early winter, then 
decrease through late winter and spring (Parkes, 1989; Riney, 1955). These studies used 
kidney fat index (weight of kidney fat / weight of kidney) as a predictor of total body fat. 
Parkes (1989) studied the annual fat cycle observed in female hares and concluded that fat 
deposition in autumn was likely to be endogenous (this pattern was also observed in males), 
but that fat utilization in winter was due to the stresses involved in breeding (mainly 
lactation, with no reduction in fat associated with gestation alone). Similar seasonal patterns 
have been observed in ultrasound back-fat depths measured in Scottish Blackface hill ewes 
(Anang et al., 1995). 
Seasonal changes in hill vegetation production may help to explain some of the changes in 
body fat of animals grazing these environments. Dry matter production of vegetation types 
commonly found in the hill areas of the UK has been found to increase from January to 
July, then decline to December, often with a second peak occuring in September or October 
in some plant communities (Armstrong et al., 1997; Holland, 2001). Digestibility of the diet 
is also important. Hodgson and Grant (1981) reported a low digestibility during winter in 
the diet of sheep grazing bill plant communities, followed by a sharp increase in 
digestibility in spring, then a decline through summer and autumn. These patterns in 
available vegetation and its digestability are not sufficient to explain the patterns in body fat 
changes in Scottish Blackface ewes observed by Anang (1995), therefore other factors, such 
as demands of reproduction must also be affecting tissue mobilisation in hill ewes. 
Serial slaughter of Scottish Blackface ewes through the production cycle showed that 
lactating ewes had significantly less body fat than barren ewes (Field et al., 1968). In 
:1 
Scottish red deer studied by Mitchell et al. (1976), reproductive status had a large effect on 
seasonal body fat changes. Hinds without calves in the study showed a much higher 
amplitude of change and higher levels of fat throughout most of the year (although food 
intake was believed to be higher in the milking hinds). Russel ci' al. (1968) slaughtered 23 
five-year-old Scottish Blackface ewes at different stages of pregnancy to investigate the 
different components of weight loss observed through winter in pregnant ewes. These 
authors found that total fat weight was not significantly reduced during the first four months 
of pregnancy, but in the final months of pregnancy the depletion of fat increased fourfold. 
Volume of adipose tissue in goats, studied using CT, was found to increase until late 
pregnancy, then decrease in late pregnancy and through early lactation, before increasing as 
lactation advanced (Sorensen, 1984). Serial slaughter of twin-bearing Border Leicester X 
Blackface ewes showed that weight of total body fat was reduced by a large amount during 
early lactation, but this rate of loss slowed considerably in later lactation (Cowan el al., 
1979). 
Muscle depth at the 3rd lumbar vertebra, measured on Blackface ewes using real-time 
ultrasound, has been found to increase from lamb-weaning in summer to mating at the end 
of the year. Muscle depth then declines through winter and spring (during pregnancy and 
early lactation), before increasing again as summer progresses and lambs are weaned 
(Anang et al., 1995). Protein is required for the production of colostrum and udder 
development during late pregnancy (Robinson, 1987). However, Cowan et al. (1980) found 
that body protein mobilisation contributed little to milk production. In many cases early 
spring grass provides sufficient protein for lactation, without requiring mobilisation of body 
protein (Treacher, 1983). Serial slaughter of twin-bearing Border Leicester x Blackface 
ewes after 12, 41 and 111 days of lactation showed that weight of total body protein did not 
differ significantly as lactation progressed (Cowan ci' al., 1979). 
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1.5 	Fat partitioning 
Total body fat can be divided into carcass and non-carcass fat and each of these depots split 
further into component parts. Carcass fat is comprised of subcutaneous fat (beneath the 
skin), inter-muscular fat (between muscles) and intra-muscular fat ('marbling' fat within 
muscles). Some studies have also studied fat within bone. Non-carcass or internal fat is 
stored around the internal organs in the body cavity and can be divided into fat in different 
internal areas (e.g. omental, mesenteric, kidney knob and channel fat). The partitioning of 
body fat and changes occurring in different depots of fat can be examined in detail using CT 
scanning. CT studies on two pig breeds found that different fat depots were mobilised at 
different rates as feed was restricted, with a higher proportion of carcass fat mobilised 
compared to internal fat (Kolstad el al., 1996). Similarly, studies on hares have found that 
subcutaneous fat is mobilised first when energy demands exceeded supply, followed by 
abdominal and kidney fat, then bone marrow fat (Parkes, 1989). A similar order of fat depot 
rnobilisation was observed by Riney (1955) in several deer species, feral goats and other 
species. As fat cows become thinner, mobilisation of fatty tissue associated with muscle 
(inter- and intra-muscular fat) is slower than the mobilisation rate of total fat (Wright and 
Russel, 1984). However, it appears that when cows fall to a critical level of fat and all other 
depots are greatly depleted, fat from these depots associated with muscle begin to be 
mobilised at a much greater rate (Wright and Russel, 1984). 
Fat deposition in different depots, as a result of favourable metabolic conditions, occurs in 
the reverse order to mobilisation (Riney, 1955). In sheep, cattle and pigs, omental and 
subcutaneous fat depots grow relatively quickly and inter-muscular fat more slowly (Wood, 
1982). In Scottish Blackface ewes studied by Russel et al. (1971) subcutaneous fat 
increased at a faster rate than all other fat depots as total fat increased, while fat associated 
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with muscle increased at an ever decreasing rate. The proportion of fat found in bone did 
not increase at all as total body fat increased past 15% of fleece-free empty body weight, 
due to the finite fat-storage capacity of the skeleton. In the thinnest ewes in this study (i.e. 
sheep with less than 10% chemically-determined fat in their fleece-free empty body weight), 
fat associated with muscle (inter-muscular plus intra-muscular) made up the largest 
proportion of total body fat and subcutaneous fat the smallest. However, in the fattest ewes 
(30% fat) subcutaneous fat was the largest single tissue depot (Russel et at., 1971). Fat 
depots can grow by increasing fat cell number or fat cell size and it may be that different 
amounts of each of these processes are responsible for growth in different fat depots (Wood, 
1982). 
1.6 	Seasonal changes in different fat depots 
By studying differential changes in different fat depots during the production cycle of 
breeding animals, it may be possible to identify which depots are important for providing 
energy for which functions. Partitioning different carcass fat depots, Russet et at. (1968) 
found that subcutaneous fat decreased significantly during early pregnancy in Scottish 
Blackface ewes with less of a reduction in later months. However, fat from bone changed 
very little in early pregnancy, but was reduced substantially in the final stages. 
Subcutaneous fat was mobilised before internal fat depots. Cowan et al. (1980) studied 
chemically determined body fat in Finnish Landrace x  Dorset Horn twin-bearing ewes 
during lactation and found that fractional rates of fat loss from carcass and internal fat 
depots were similar during early lactation. However, the fractional rate of loss of internal fat 
increased as total body fat decreased. A later study found that internal fat weight was 
significantly reduced in these crossbred ewes between day 6 and day 42 of lactation (Cowan 
et at., 1981). Jopson et at. (1994) studied mobilisation of fat depots during lactation in dairy 
goats. In these goats the subcutaneous and inter-muscular fat depots were relatively small 
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compared to the internal fat depot, but were mobilised at a relatively higher rate. Relatively 
large amounts of fat remained in the internal depots when energy demands were high during 
lactation, while carcass fat depots were severely depleted. Different depots of fat may have 
different roles within the animal. For example, sub-cutaneuos fat may be important for 
energy yielding and internal fat for insulation (Kolstad et al., 1996). 
1.7 	Relationships with production traits 
Levels of fat and muscle in the breeding female may affect her fertility or ability to rear 
progeny. Several studies, mainly on sheep and dairy cows, have investigated the effects on 
production traits of body condition at different times in the reproductive cycle. 
In a study of Scottish red deer on the island of Rhum (Mitchell ci' al., 1976), adult females 
which had higher levels of body fat had higher pregnancy rates and females with high body 
weights and levels of fat reserves produced the biggest, fattest calves. However, slow 
recovery rates of condition of these hinds after lactation led to many females not producing 
a calf the following season (Mitchell el aL, 1976). In a study of Scottish Blackface ewes, 
Gunn and Doney (1973) found no difference in the number of lambs produced per ewe, or 
in overall lambing percentage, between ewes which were fed to recover condition soon after 
weaning and ewes which reached target condition score soon before mating, so long as they 
were in good condition at mating. Poor condition of Blackface ewes at mating has been 
linked to suppressed or delayed oestrus and ewes returning to service (Gunn and Doney, 
1975). In the same study, condition score pre-mating was found to be positively related to 
ovulation rate and negatively related to embryo mortality. Conington and Hernando (2000) 
estimated positive genetic correlations between pre-mating ultrasonic fat and muscle depths 
measured on Scottish Blackface ewes and the weight of their lamb(s) at mid-lactation (rg = 
0.134 and 0.284 respectively). These positive correlations may be due to the impact of 
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increased body condition on milk production. Relationships between these traits have been 
studied in more detail in dairy cows. Domecq el al. (1997) found that milk yield of 
commercial Holstein cows at day 120 of lactation was linearly related to change in body 
condition during the dry period. Cows that had low condition scores at dry-off and then 
gained the most condition over the dry period produced more milk. 
Body condition at parturition has been shown to affect several reproductive traits in beef 
cattle, for example, occurrence of uterine involution, ovarian follicle size and occurrence of 
oestrus period before the breeding season (Laflamme and Connor, 1992). Dairy cows with 
higher fat depths at calving have been shown to undergo increased fat mobilisation, which 
has a positive influence on milk yield (Segert et al., 1996). However, there may be an 
optimum level of fat development and very high back-fat levels at calving may in fact have 
a negative effect on milk yield, as well as fertility, general health of the cow (Staufenbiel et 
al., 1993) and calving ease. Increased body condition of Blackface ewes at parturition may 
help to bridge the gap between low levels of nutrient intake and high energy demands of 
milk production during early lactation (Peart, 1970). Gibb and Treacher (1980) found a 
tendency for fatter Scottish halfbred ewes, (above average condition score) with twin lambs 
to produce more milk than thinner ewes (below average condition score) rearing twins. 
Daily growth rates, in the first eight weeks of lactation, and overall liveweight gains of 
lambs suckled by these fatter ewes were significantly higher than lambs reared by the 
thinner ewes. Curll et al. (1975) found that a greater number of Border Leicester x  Merino 
lambs reached marketable weight more quickly when ewes were fed to increase live weight 
during mid-pregnancy. in a study of Finnish Landrace x  Dorset Horn twin-bearing ewes, 
Cowan et al. (1980) found that levels of fat and protein in the milk were affected by the 
level of ewe body fat at lambing. Higher levels of fat and lower levels of protein were 
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found in milk from ewes that had more body fat at lambing, compared to milk from leaner 
ewes. 
Some studies of sheep and dairy cows have shown negative genetic relationships between 
body condition score during lactation and milk production or fertility traits. Peart (1968) 
found that Blackface ewes in a state of continuous under-nourishment did not benefit from 
high body condition scores during lactation, and indeed ewes which were leaner at 
parturition were more efficient at converting feed to milk during lactation. Similarly, Wall 
et al. (2003) found that number of days to first service and calving interval were likely to be 
longer in dairy cows that were thinner during their first lactation. Negative genetic 
correlations were also found between body condition score and milk yield during the first 
lactation of dairy cows (Wall et al., 2003). In a later study Peart (1970) concluded that, after 
a period of under-nourishment in early lactation, Blackface ewes will respond to increased 
nutrition by an increase in milk production if this improvement occurs before the stage of 
lactation when milk production would normally reach a maximum. An improvement in the 
level of nutrition after this point in the lactation curve will produce no significant increase 
in milk production. In the study of Finnish Landrace x Dorset Horn twin-bearing ewes, 
Cowan el al. (1980) found that level of body fat reserves during the first week of lactation 
(determined by chemical analysis) did not significantly affect milk yield, but that diet did. 
Milk yield will in turn affect lamb growth and rearing weights. Owen (1957) concluded, 
from a study of Welsh mountain sheep, that milk yield of the ewe had a large initial effect 
on lamb growth, but that this effect declined as lactation progressed. Owen (1957) estimated 
heritabilities of 0.5 and 0.61 for milk production of suckling ewes and a repeatability of 
0.42 between subsequent lactations (although this repeatability was thought to be an under-
estimation). 
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Most previous studies on lactation of ewes reported here used twin-bearing ewes only. 
However, ewes rearing twin lambs have higher milk yields than single-rearing ewes, as well 
as different lactation curves, with milk production from twin-suckling ewes peaking earlier 
(around 3 weeks post-parturition) than single-suckling ewes (around 4 weeks) (Peart, 1967). 
Therefore, previous results may not translate directly to single-bearing ewes. 
1.8 	The use of CT scanning to investigate tissue mobilisation in hill ewes 
This thesis reports on an investigation of seasonal changes in levels of carcass muscle, 
carcass fat and internal fat in Scottish Blackface hill ewes throughout their reproductive 
lifetime. As CT technology advances, the potential exists to take ever more detailed and 
complex measurements of tissue deposition and tissue structure. However, for the purpose 
of this study, CT scanning was used to produce accurate estimates of total body tissue 
weights at different times during the reproductive cycle. These measurements may help 
explain which tissues or depots are more important for energy provision for different 
biological functions. 
In order to predict total body tissue weights on a sufficiently large numbers of animals in a 
short space of time, the reference scan technique explained above was used in this study. 
This technique takes measurements from a small number of cross-sectional scans and 
predicts total tissue weights using regression equations derived from calibration (Sehested, 
1984; Young el al., 1996). Chapter 2 describes the calibration trial undertaken to determine 
the most informative reference scan positions for Scottish Blackface ewes, and reports on 
the derivation of prediction equations to estimate total carcass fat, internal fat and muscle 
weights from data resulting from these scans. The prediction equations derived in this 
chapter were then used to estimate total body fat and muscle weights at each scanning event 
for analyses in the following chapters. 
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An investigation of seasonal changes in tissue levels during one full annual cycle, in ewes 
producing different numbers of lambs, is presented in Chapter 3. The aim of this chapter is 
to determine which tissues and depots are mobilised to provide energy in times of negative 
energy balance, for example during winter or lactation. 
Very little is known about the genetic control of tissue levels, and seasonal changes in these 
tissues, in hill ewes. Most genetic parameters for carcass composition traits in sheep have 
been estimated for growing lambs, mainly using ultrasound scanning on live animals or 
dissected tissue weights. In a review on the genetics of meat quality, Thompson and Ball 
(1997) found that most estimates of heritability for ultrasound tissue measurements in lambs 
were in the range 0.15 - 0.46 for muscle depth and 0.16 - 0.68 for fat depth. However, 
heritabilities are likely to differ when considering adult ewes, and when using CT scanning 
to estimate composition traits, compared to ultrasound scanning, due to the improved 
accuracy of predicting total tissue weights. Jones et al. (2004) estimated heritabilities for 
ultrasound fat and muscle depths, as well as total carcass fat and muscle as predicted by CT, 
for lambs from three terminal sire breeds. Their results showed higher heritabilities for each 
tissue measured using CT compared to ultrasound. Fat and muscle levels in breeding ewes 
in a hill environment are likely to be influenced by different genes than the same traits 
measured in growing lambs, since they will depend on the ability of the ewe to cope with 
the pressures of reproduction, as well as poor environmental and nutritional conditions for 
large periods of the year. Therefore, the genetic control of these traits may also change at 
different times during the annual production cycle. Chapter 4 presents estimates of genetic 
and phenotypic parameters for fat and muscle weights at five different times during the first 
production cycle of ewes (pre-mating age 2, pre-lambing, mid-lactation, weaning and pre-
mating age 3). Total tissue changes during the first production cycle were quantified by 
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calculating the total amounts of fat and muscle depleted and deposited during the annual 
cycle and parameters are also estimated for these traits. 
Understanding seasonal and lifetime changes in fat and muscle levels in the ewe is of 
agricultural as well as biological interest, especially in terms of the relationship between 
these traits and maternal ability. In the UK, hill breeds of sheep must be able to not only 
survive periods of nutritional stress and severe climatic conditions, but also breed under 
these conditions. Therefore, commercially these breeds are chosen for their for maternal 
performance and vigour (Waterhouse, 1999). 1-laying estimated genetic and phenotypic 
parameters for tissue weights in Scottish Blackface ewes using CT, the possibility then 
exists to investigate genetic relationships between these traits and lamb production traits. 
Chapter 5 shows estimates of genetic and phenotypic correlations between CT traits during 
the first production year (fat and muscle weights at different time points, total fat and 
muscle depletion) and total numbers and weights of lambs produced by the ewe. 
The work presented in Chapter 6 extends the analyses described in Chapters 3 and 4 to 
consider how tissue levels change in ewes throughout their reproductive lifetime. Fat and 
muscle weights are modelled over four years of production (from 2 to 5 years old) using 
random regression, and the effects of lamb burden on tissue levels in the current and 
following years are investigated. Genetic and phenotypic parameters are then estimated for 
fat and muscle weights at sixteen time-points across the reproductive lifetime of the ewe. 
This chapter uses data from all age groups of ewes to estimate heritabilities. Chapter 7 
reports on the use of the random regression model developed in Chapter 6 to estimate 
correlations of ewe fat and muscle weights throughout their reproductive lifetime with total 
weights and growth rates of lambs produced. 
16 
Chapter 2: Prediction of total body tissue weights 
in Scottish Blackface ewes using CT scanning 
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2.1 Summary 
Thirty ciii! Scottish Blackface ewes were scanned three times over a period of one week 
using X-ray computer tomography (CT). Cross-sectional CT reference scans were taken at 
seven anatomical sites per ewe: ischium (ISC), femur (FEM, hip (HIP), 51h  lumbar vertebra 
(L V5), 	lumbar vertebra (L V2), 8th  thoracic vertebra (TV8) and 6th  thoracic vertebra 
(TV6). Ewes were then slaughtered and dissection measurements collected. 
Results of multiple regression analyses suggested that five reference scans allow accurate 
prediction of total weights of bone, muscle and fat (carcass and internal). The most 
imijbrmnative cross-sectional scans were ISc, HIP, L V5, L V2 and TV8, ftoin which prediction 
equations were derived. Fat and muscle weights were predicted accurately (R2  =80%-99y") 
but bone weight was predicted less accurately (R2 =56%). Repeatabilities were high Jbr the 
CT measurements used to predict fat and muscle (0.82-0.99) but lower for those used to 
predict bone ('0.19-0.86). 
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2.2 Introduction 
Producers aim to finish lambs for slaughter with more muscle and less associated fat, in 
order to meet market demands. A low proportion of lambs from UK hill breeds (e.g. 
Scottish Blackface, Swaledale, Welsh Mountain) meet the target fat and conformation 
specifications at the abattoir (Conington et al., 1995), since breeds of smaller mature size 
tend to have relatively more fat than breeds of larger mature size when compared at similar 
carcass weights (McClelland et al., 1976). For these reasons hill sheep producers may 
choose to selectively breed for increased muscle and decreased fat in their flocks. 
However, reducing fat reserves of breeding hill ewes may compromise their ability to 
survive, reproduce and lactate in a harsh hill environment. Scottish Blackface ewes 
commonly lose large amounts of live-weight during winter, when the climate is severe and 
food supply is scarce on the hill. Russel et al. (1968) estimated a 20% reduction in 
'maternal empty body weight' (i.e. the sum of all the maternal tissues - excluding fleece, 
gastro-intestinal contents and gravid uterus) for Scottish Blackface ewes during pregnancy. 
In order to develop appropriate selection policies for hill ewes it is important to understand 
the distribution of different tissues within the ewes, and the relative extent to which these 
reserves are depleted and repleted throughout the annual production cycle. It may be 
possible to reduce certain fat depots which are important for lamb carcass grading (e.g. 
subcutaneous fat), while maintaining larger amounts of fat in other depots (e.g. fat around 
the internal organs), which may be mobilised by the adult ewe when nutrition is below 
maintenance level. Studies using CT scanning of pigs have found that different fat depots 
(subcutaneous, inter-muscular, intra-muscular, internal) are mobilised at different rates as 
feed is restricted. Kolstad el al. (1996) hypothesised that different depots of fat may have 
different roles within the animal, for example, to yield energy, to insulate, to cushion organs 
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or as an energy store used for specific purposes such as reproduction. 
Future selection objectives to improve carcass quality in Scottish Blackface sheep may 
consider the three main carcass tissues (fat, muscle and bone) with reference to their size 
and distribution, as well as internal fat reserves. In this way, carcass quality can be 
improved without compromising the productive potential of the adult ewe. 
Detailed research into seasonal changes in body composition of breeding ewes can be 
undertaken using X-ray computer tomography (CT). This in vivo technique can be used to 
investigate within-animal changes in total body fat and muscle, or changes at different sites 
or depots within the body, throughout the reproductive cycle without harming the animals. 
Seasonal tissue changes have been studied in goats (Jopson et al., 1994) and deer (Jopson et 
al., 1997b) using CT. Accurate predictions of tissue volumes resulting from CT scanning 
are achieved using the Cavalieri method. Animals are scanned in many parallel sections 
(commonly 10-20), evenly spaced along the length of the body, with the position of the first 
scan chosen at random. The total volumes of different body tissues can then be estimated 
using the following calculation: total section area of compartment x section interval = 
volume of compartment. Significantly, this method produces no bias (Roberts et al., 1993), 
but is time consuming and expensive. 
Reference scans provide a cheaper and quicker method to assess tissue volumes. This 
technique uses CT images from specific key anatomical sites (commonly 2-7), that are 
strongly related to total tissue volume(s). Reference scan images are analysed to yield areas 
and densities of each tissue. These measurements are used to predict tissue volumes or 
weights using regression equations derived from calibration studies (Sehested, 1984; Young 
et a!, 1996). 
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Computer tomography produces high-resolution images of body cross-sections. The 
attenuation of X-rays as they pass through the body depends on the density of each tissue 
encountered. Different tissues are visualised on a screen as different shades of grey, 
depending on their densities, and so fat appears as dark grey, muscle as light grey and bone 
as white (Wegner, 1993). In this way a two-dimensional image from each cross-sectional 
scan of an animal is produced (eg. Plate 1). The carcass portion of the image can be 
separated from the non-carcass portion using image analysis software to draw the boundary 
between carcass and internal tissues. The two resulting images can be analysed separately to 
produce measurements for carcass and internal tissues. Areas of different tissues are 
measured using software to count the number of pixels within specified densities ranges, 
which relate to fat, muscle and bone (Glasbey and Robinson, 2002). Average tissue 
densities within these ranges can also be calculated for each scan image. Young et al. 
(1996) described how such data can be used to derive whole body carcass and non-carcass 
tissue weights using prediction equations. 
The aim of this chapter was to determine the number of cross-sectional reference scans 
required to allow accurate estimation of total body tissue weights in Scottish Blackface 
ewes and to generate prediction equations for this type of animal to estimate tissue weights. 
Such prediction equations are a prerequisite for future in vivo studies of tissue mobilisation 
in hill ewes. 
2.3 	Materials and methods 
CT data were collected from 30 cull Scottish Blackface ewes, of which 28 were five years 
of age and two were four years of age. Fifteen of these ewes were scanned then slaughtered 
in early July (batch 1) and 15 in mid-September (batch 2). Each animal was scanned three 
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times, using a Siemens Sornatom CR scanner, over a period of one week, before being 
slaughtered. 
Animals were sedated and secured on a perspex cradle on their backs, with their forelegs 
bent and strapped to their chest and their hind legs strapped in an extended position. Cross-
sectional CT reference scans were taken at seven anatomical sites per ewe (Plate I): three 
sites in the gigot region (ischium (ISC), femur (FEM), hip (HIP)); two in the abdomen 
region 	(5th lumbar vertebra (LV5), 2 lumbar vertebra (LV2)); two in the chest/shoulder 
region 	(8uhl thoracic vertebra (TV8), 6t11 thoracic vertebra (TV6)). For the work reported 
here, the following post-slaughter dissection measurements, were considered: weights of fat, 
muscle and bone in the carcass; weight of internal fat (total weight of fat in internal cavity). 
Image analyses were performed on each cross-sectional CT image to yield areas and 
densities for each tissue analysed. The carcass portion of the image was analysed separately 
from the internal portion. Each cross-sectional carcass image (with the internal portion 
removed) was then divided further into an inner and outer region, to separate subcutaneous 
fat and inter-muscular fat. Subcutaneous fat was defined as fat lying underneath the skin and 
over a layer of muscle or bone. These criteria were used to trace the boundary separating the 
different carcass fat depots. Area and density of fat in each region was measured separately 
for the two carcass and one internal organ image sub-sections. Areas and densities of 
muscle and of bone were measured on the carcass subsection before it was sub-divided. 
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Plate 1: Typical topograrn (longitudinal body scan) and tomograms (cross-sectional scans) 
for a Blackface ewe 
Multiple regression analyses were performed in Genstat for Windows v.4.1 (Lane and 
Payne, 1996) to determine which combinations of CT measurements best predicted total 
dissected weights of fat, muscle and bone. Within each tissue, only areas and densities 
relating to that tissue at each scan site were tested for significance in predicting total tissue 
weight, in order to keep predictions for each tissue independent (e.g. for total bone weight, 
only bone area and bone density at each scan site were tested, not muscle or fat 
measurements). Only tissue areas and densities from reference scans that accounted for a 
significant amount of variation in the dissected tissue weight were retained in the prediction 
equations. 'Batch' was fitted as a fixed effect to account for the difference between ewes 
slaughtered in July and September. Total carcass fat weight and total internal fat weight 
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were predicted separately and carcass fat was then split further into its two major 
components, subcutaneous and inter-muscular fat. Repeatabil ities between relevant tissue 
measurements at each of the three scanning occasions were estimated using intra-class 
correlations (Falconer and Mackay, 1996). 
Tissue weights were predicted for the 30 ewes from pre-slaughter CT measurements, using 
the prediction equations derived from this study, and results were compared to actual 
dissected tissue weights, to quantify the 'goodness of fit' of the tissue weight predictions. 
2.4 Results 
Table 2.1 shows the range of live weights (pre-slaughter) and dissected tissue weights in the 
30 slaughtered ewes. The distribution of these traits tended towards bi-modality, with batch 
2 ewes generally carrying less of each tissue than the ewes in batch 1. 
Table 2.1: Live weights (kg) and dissected tissue weights (g) 
Batch 1 	 Batch 2 
Mill Max Mean s.d. Min Max Mean s.d. 
Live wt 48.5 65.5 58.9 4.4 32.5 53.5 45.9 5.3 
Carcass fat wt 3436 10834 6996 1910 978 5772 3209 1730 
Carcass muscle wt 12804 16182 14318 902 8736 13696 11817 1361 
Bone wt 3428 4484 3915 317 3152 4166 3715 274 
Internal fat wt 1070 6766 3393 1691 312 3236 1248 971 
Subcutaneous fat wt 1790 7202 4193 1359 420 3600 1709 1035 
Inter-muscular fat wt 1646 4052 2803 593 558 2522 1500 725 
Results of regression analyses performed suggest that five reference scans allow accurate 
prediction of total tissue weights. The most informative cross-sectional scans were ISC, 
HIP, LV5, LV2 and TV8. The following prediction equations were derived using these five 
CT reference scans. Only statistically significant predictors (P < 0.05) are included in each 
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equation. 
Total carcass fat (g) = 619 + 66x(batch-1) + 0.183 xISCCFA+0.254xLV5CFA + 0.201 xTV8CFA 
+e 
(R2=98.6%) 
Total carcass muscle (g) = 5892 -481 x(batch-l) + 0.208xISCCMA + 0.488xLV5CMA - 
90.2 xLV2CMD + e 
(R2=8 1.4%) 
Total bone (g) = 576- 40x(batch-1) + 0.346xHIPCBA + 0.188xISCCBA -3.21 xISCCBD + 
0.836 XLV2CBA + 4.02 xLV2CBD + e 
(R2=56. 1%) 
Total internal fat (g) = -58- 759 x(batch- 1) + 0.481 XHIPIFA + e 
(R2=79.6%) 
Total sub-cutaneous fat (g) = 938-303 x(batch-1) + 0.059xISCSCFA + 0.391 xTV8SCFA + e 
(R2=96.1%) 
Total inter-muscular fat (g) 472- 96x(batch_l) + 0.345 XTV8IMFA + e 
(R2=95. 1%) 
Where, CFA = carcass fat area, CMA = carcass muscle area, CMD = carcass muscle 
density, CBA = carcass bone area, CBD = carcass bone density, IFA = internal fat area, 
SCFA = subcutaneous fat area, IMFA = inter-muscular fat area, e = residual variation 
Of the seven original scan sites the TV6 scan could be dropped without compromising the 
predictions of total body tissue weights, since this reference scan did not add to the 
accuracy of any of the tissue weight predictions. To reduce the number of reference scans 
further, the consequences of dropping one of the three gigot scans were investigated. FEM 
was the least useful of the three gigot scans, since it only contributed to the muscle weight 
prediction, while ISC and HIP increased the accuracy of prediction equations for two of the 
four main tissues. By using ISC carcass muscle area instead of FEM carcass muscle area in 
the prediction equation for total muscle, the percentage of variance accounted for (R2) was 
reduced from 84.7% to 81.2%. However, if FEM was used instead of ISC, R2 for bone 
would be reduced by 5.9% and R2 for carcass fat reduced by a small amount (0.3%). 
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Replacing HIP with FEM would reduce R2 for bone by 21.4% and R2 for internal fat by 
6.3%. This evidence supports the use of ISC and HIP over FEM. 
Repeatabilities for the CT measurements (tissue areas and densities) that best predicted 
total weights of each tissue are shown in Table 2.2. Measurements that do not have values 
shown in Table 2.2 did not significantly increase the prediction accuracies. Repeatabilities 
were very high for the CT measurements that were used to predict fat and muscle. In 
general, those used to predict bone had lower repeatabilities, indicating that the area of 
bone occurring in the reference scans was more variable than areas of fat or muscle. 
Table 2.2: Repeatabilities for significant predictors of total tissue weights 
Carcass 	Carcass 	 Bone 	Internal 	Subcut. 	Inter-rnusc. 
fat Muscle fat fat fat 
Scan area area 	density 	area 	density 	area 	area 	area 
ISC 0.97 0.82 0.41 0.64 0.96 
FEM 
HIP 0.19 	 0.92 
LV5 0.99 0.86 
LV2 0.93 	0.67 	0.86 
TV8 0.99 0.99 	0.97 
TV6 
Table 2.3 compares tissue weights predicted from pre-slaughter CT measurements with 
actual dissected tissue weights. On average, predicted weights of total carcass fat, muscle 
and bone differed from dissected weights by a small percentage. When carcass fat was 
partitioned, predicted weights of subcutaneous and inter-muscular fat fitted less well with 
dissected weights than did total carcass fat. Predictions of internal fat from CT data differed 
considerably from dissected weights, especially when fat levels were low. The prediction 
equation for internal fat weight gave negative estimates for two of the thin ewes. This had 
no biological interpretation, so negative estimates were replaced by a value of zero grams of 
internal fat. 
Table 2.3: Average absolute difference of predicted tissue weights from dissected tissue 
weights (as a percentage of dissected weight) 
Prediction of: 	 Batch 1 	Batch 2 	Overall 
Carcass fat 4% 6% 4% 
Muscle 4% 4% 4% 
Bone 5% 3% 4% 
Internal fat 21% 35% 24% 
Subcutaneous fat 7% 11% 8% 
Inter-muscular fat 6% 9% 7% 
2.5 Discussion 
Young et at. (1999a) reported that CT scans in the hind leg were greatly affected by the 
angle of the femur. The FEM scan was difficult for the scanner operator to position 
accurately in the present study. Differences in posture of the sheep during scanning affected 
the positioning of this scan to a greater extent than the ISC or HIP. Similarly, positioning 
had a greater effect on the TV6 scan than the TV8 scan. The sheep was secured on the 
cradle with forelegs strapped to the sides of the chest. Exact positioning of the sheep's 
foreleg could add more or less tissue to the TV6 cross-sectional scan. Such effects explain 
why the FEM and TV6 scan sites were less useful and justify the decision not to use them. 
Positioning of internal fat deposits relative to skeletal reference points may change due to 
the effects of pregnancy. Ewes scanned in the present trial were not carrying lambs. Ideally 
ewes from all stages of the reproductive cycle would have been included in the study. 
However, for ethical reasons, only cull ewes were included in this calibration trial. 
Retention of all three scans in the region affected by pregnancy (HIP, LV5, LV2) will allow 
further investigation of this issue in ewes that are pregnant during an annual production 
cycle. 
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Given that the five scan sites chosen are spaced along the length of the body, investigation 
is possible of tissue distribution or differential gains or losses of tissue in different areas of 
the body. Studies of tissue shape (for example to investigate muscularity) may be of interest 
in the future. Inclusion of the ischium scan, which contains a commercially important 
muscle mass, is likely to be important for any work of this nature. 
Repeatabilities for CT measurements estimated in this trial for carcass fat, muscle and bone 
are of similar magnitudes as those estimated by Young el al. (1999a) on Dorset Down 
hoggets at four reference scan sites. These authors also found that bone measurements were 
less repeatable than fat or muscle measurements. Bone area measurements are more 
dependent on precise registration of scan position than those for fat or muscle, since 
different bones may or may not appear in the resulting image (e.g. transverse processes of 
the spine, pelvic bridge etc.). Such registration errors, which occur due to the posture or 
movement of the animal during scanning, have a relatively large effect on bone, compared 
to fat or muscle, due to the more complex shape of this tissue (Young el al., 1996). Hard 
objects such as stones in the gut or grit on the skin surface can also be interpreted as bone. 
These factors may explain the low repeatabilities of carcass bone area in some scans and 
hence the low accuracy of the bone prediction equation. 
On average, predictions of total subcutaneous and inter-muscular fat from CT images 
differed relatively more from dissected fat weights in thinner sheep than in fatter sheep 
(although this difference represented a greater absolute tissue weight on average in the 
fatter batch of sheep). The same was true for internal fat. During CT image analysis it was 
more difficult to accurately separate the two carcass fat depots, or the carcass from the 
internal portion, in sheep with less fat. In thin animals any slight inaccuracies or wastage 
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during dissection of fat will have a large proportionate affect on dissected fat weights. 
Therefore, decreased goodness of fit in thinner sheep for CT predictions of some fat 
weights may be due to dissection methods, image analysis software or operator, or a 
combination of these factors. In general, it is likely to be due to a constant measurement 
error relative to a smaller absolute amount of tissue. Tissue weights predicted frorn CT data 
differed from dissected tissue weights to a much greater extent in internal fat than in the 
other tissues. This suggests that this tissue is more difficult than the others to measure 
accurately using CT. Only one reference scan is used in the prediction equation for internal 
fat, which may help explain the larger deviations between dissected and predicted tissue 
weights. 
Live weight was not included in the prediction equations. Simple correlations between live 
weight and the predictions of total carcass fat, carcass muscle, bone and internal fat were 
0.91, 0.83, 0.39 and 0.79 respectively. Young et al. (1996) reported that including live 
weight is likely to increase the accuracy of prediction equations for different body tissues. 
However, when live weight was fitted after the other predictors in the equations in the 
present study it accounted for a significant amount of variation in carcass muscle weight 
(P<0.05), but not in any of the other tissues. If live weight was included as a predictor for 
each tissue it would mean the equations for the different tissues were not independent. Total 
tissue weights predicted using live weight would also cause difficulties if they were to be 
included in selection indexes for breeding animals, due to possible confounding with other 
traits. 
Rather than selecting animals with a range of body condition for this study, available cull 
ewes were used to avoid slaughtering fit breeding animals. This meant that ewes were only 
available when they were culled from the flock for commercial reasons, hence the two 
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batches in July and September. The two batches of cull ewes were in noticeably different 
condition at slaughter. Ideally the distribution of tissue weights over the 30 ewes should 
have been normal, but in reality most traits showed a tendency towards bi-modality. To 
allow for this, the effect of 'batch' was fitted in the prediction equations for tissue weights. 
However, it will not be relevant to include this effect when the prediction equations are 
applied to different groups of Blackface ewes to predict total tissue weights from CT 
measurements. Removing 'batch' from the prediction equations had a minimal effect on the 
co-efficients associated with CT traits and on R-squared values for total weights of carcass 
fat, muscle, bone, internal fat, subcutaneous fat and inter-muscular fat (R2 = 98.7%, 81.2%, 
57.7%, 76.7%, 95.8% and 95.2% respectively). Average absolute deviations of predicted 
weights from dissected weight also showed little change when the effect of batch was 
removed: overall values remained approximately the same, except for subcutaneous fat 
(3%) and inter-muscular fat (1%) which were reduced. Studies on Blackface ewes to which 
these equations will be applied are concerned with patterns of change within groups of 
ewes, not tissue weights in individual animals. Therefore, removal of 'batch' will have 
minimal effect and will allow the prediction equations from this study to be applied to CT 
measurements for Blackface ewes in future studies. 
Although the prediction equations were based on a relatively small number of sheep, these 
animals were considered to be a good representation of the experimental Scottish Blackface 
ewe flock at SAC Edinburgh, in terms of breed type and weight and condition range. This 
flock will be used for future CT studies at SAC. However, there is a large amount of 
variation in the Scottish Blackface breed and these results may not necessarily be 
representative of this breed or hill sheep in general. 
at, 
In studies of carcass composition the use of X-ray computer tomography can offer benefits 
compared to more traditional methods of measurement, such as dissection or ultrasound 
scanning. Compared to dissection, CT allows repeated measures within-animal and has 
obvious welfare benefits. Young et al. (1987) found very high correlations between CT 
tissue predictions (fat, muscle and bone) and dissection results in sheep (0.997, 0.985, 0.992 
respectively). Compared to ultrasound, CT can increase the accuracy of predicting the 
volume of different body tissues (Sehested, 1984). Young el al. (1996) found that two or 
more CT reference scans can increase the accuracy of tissue weight prediction above that 
achieved using ultrasound fat and muscle measurements. The distribution and partitioning 
of different tissues can also be studied using CT to a much greater extent than with 
ultrasound. Several studies have used CT in the past to accurately predict carcass 
composition in sheep, mainly in growth studies (e.g. Afonso and Thompson, 1996; Jopson 
el al., 1998). Seasonal tissue changes in breeding animals have also been studied using CT, 
but mainly in other species, such as goats and deer (Jopson et al., 1994; Jopson et al., 
1997b). The results of the present study show that computer tomography allows accurate 
within-animal predictions of fat (in various depots), muscle and bone levels, which can be 
measured throughout the lifetime of breeding ewes. 
2.6 Conclusions 
Total weight of carcass fat, internal fat and carcass muscle in Scottish Blackface ewes can 
be predicted accurately in vivo, using CT scans from five anatomical reference sites 
(ischium, hip, 5 lumbar vertebra, 2 nd lumbar vertebra, 8thi  thoracic vertebra). These 
measurements are highly repeatable (r = 0.82 - 0.99). Total bone weight is predicted less 
accurately, but still sufficiently well to warrant consideration as part of a selection objective 
to alter carcass form. 
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Chapter 3: Body composition changes in Scottish 




Tissue depletion and repletion were investigated in 142 Scottish Blackface ewes using 
computer tomography (CT). Ewes of two ages (two or three years) and differing 
reproductive status ('barren, single- or twin-bearing) were studied through one annual 
production cycle to investigate mobilisation of carcass fat ('subcutaneous and inter-
muscular,), internal fat and muscle. 
Ewes were CT scanned five times during the one year study period: pre-mating; pre-
lamnbing, mid-lactation; weaning, pre-mating the following year. For each animal at each 
of the five scanning events, cross-sectional CT scans were taken at five anatomical sites 
('ischiumn, hip, 5h1  lumbar vertebra, 	lumbar vertebra and 8" thoracic vertebra). CT 
images were analysed to yield areas of carcass fat, muscle and internal fat and total 
weights of these tissues were estimated at each scanning event using prediction equations 
derivedfrom a separate calibration dataset. 
The results show that both carcass and internal fat depots were depleted during pregnancy 
and early lactation and repleted from mid-lactation to mating the following year. In 
proportionate terms, internal fat was most labile, but carcass fat contributed more to total 
weight change because it was a bigger fat depot. Subcutaneous fat was the largest and most 
labile of the carcass fat depots. Muscle reserves were depleted only when fat reserves had 
fallen to very low levels. Older ewes carried more carcass fat in total than younger ewes 
when reserves were low. Mobilisation of tissue reserves in twin-bearing ewes was less than 
in single-bearing ewes, probably due to preferential feeding. 
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3.2 Introduction 
In the UK, breeding ewes grazing a hill environment suffer harsh weather conditions and a 
severely restricted food supply for long periods of the year. Productivity of typical UK hill 
vegetation is low in the winter months (Armstrong et al., 1997). During periods of 
environmental stress or under-nutrition, breeding hill ewes have been shown to mobilise 
both fat and muscle reserves to ensure survival and allow them to successfully carry and 
rear lambs (Conington and Rance, 1999; Russel etal., 1968). 
Russel etal. (1968) slaughtered Scottish Blackface ewes at different stages of pregnancy to 
investigate the different components of weight loss in pregnant ewes during winter. From 
pre-mating to the final week of pregnancy, ewes lost approximately 7.5kg in live-weight 
and more than 20% of their 'maternal empty body weight' (i.e. excluding weight of fleece, 
gastro-intestinal contents and gravid uterus). Conington and Rance (1999) reported a 
decline in ultrasonic subcutaneous fat and muscle depths in Scottish Blackface ewes from 
mating in early winter, through pregnancy and early lactation, followed by an increase as 
summer progressed and lambs were weaned. 
Seasonal depletion and repletion of fat and muscle in breeding ewes can be investigated 
within-animal using X-ray computer tomography (CT). Total body fat can be divided into 
carcass and non-carcass fat and these depots can be split further into component parts, 
allowing changes in different fat depots to be measured repeatedly on individual animals 
over time. In this way tissues and depots that are important for energy provision at different 
times during the production cycle can be identified. For example, dissection of Blackface 
ewes by Russel et al. (1968) found that subcutaneous fat was mobilised before internal fat 
depots during pregnancy. It is important to understand the role of different fat depots in 
breeding hill ewes before making selection decisions on body composition, such as 
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selecting for low subcutaneous fat levels within a breed. 
In this chapter, tissue depletion and repletion were investigated in Scottish Blackface ewes 
through one annual production cycle using CT. The aim was to quantif' the degree to which 
different tissues (carcass fat, internal fat and carcass muscle) change throughout the annual 
production cycle, in ewes of differing age and reproductive status. Mobilisation of the two 
major components of carcass fat (subcutaneous and inter-muscular fat) was then studied in 
detail. 
3.3 	Materials and methods 
The 142 Scottish Blackface ewes studied were from a hill farm located in the Pentland hills 
near Edinburgh, which is typical of hill farms in that area (rising from 305 to 488 metres 
above sea level, with an average rainfall of approximately 800 mm). The ewes were of two 
age groups - 110 were 2 years old, mated for the first time in November 1997 (8 of which 
were barren in 1998, 73 single- and 29 twin-bearing), and 32 ewes were 3 years old, mated 
for the second time in 1997 (19 single- and 13 twin-bearing). Only animals that reared the 
same number of lambs as they gave birth to were included in the data set. 
All ewes were mated to Scottish Blackface rams in November / December 1997 on the 
lower areas of the farm. Grazing regimes and supplementary feeding levels of ewes that 
produced different numbers of lambs in 1998 are summarised in Table 3.1. Five ewes were 
identified as thin at pregnancy scanning in mid-February (three single-bearing three-year-
old ewes, one single-bearing two-year-old ewe and one twin-bearing two-year-old) and 
were separated from the flock and preferentially fed to attain similar condition scores to the 
rest of the flock pre-lambing (score of approximately 2.75 on a scale of ito 5). 
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Table 3.1: Supplementary feeding and grazing regimes (shown in parenthesis) for ewes 
producing different numbers of lambs 
Barren 	 Single lamb 	Twin lambs 














0.2kg per head 





0.2kg per head beet 
nuts / ESCA roll mix 
(hill) 
0.25kg per head 
ESCA rolls gradually 
reduced to zero 
(lowland paddocks) 
0.2kg per head beet 
nuts / ESCA roll mix 
(hill) 
0.3 kg per head ESCA 
rolls 
(lowland paddocks) 
Post-lambing' 	Zero 	 Zero 	 0.4kg per head ESCA 
(hill) (hill) rolls gradually reduced 
to zero 
(lowland paddocks) 
tMating = November - December; Pregnancy scanning = mid-February; Pre-lambing 
early April; Lambing = mid-April; Post-lambing = late April - mid-May 
Ewes were CT scanned at five times during the one year study period: 'pre-mating' in 
November 1997; 'pre-lambing' in April 1998 (an average of 35 days before lambing); 'mid-
lactation' in June 1998 (an average of 53 days after lambing); 'weaning' in August 1998 (an 
average of 122 days after lambing); 'pre-mating' in November 1998. Animals were lightly 
sedated and secured on their backs in a cradle before being CT scanned. For each animal at 
each of the five scanning events, cross-sectional CT scans were taken at five anatomical 
sites - ischium (ISC), hip (HIP), 5th  lumbar vertebra (LV5), 2nd  lumbar vertebra (LV2) and 
8th thoracic vertebra (TV8). Image analyses were performed on each resulting cross-
sectional CT image to yield areas and densities of carcass fat, carcass muscle and internal 
(non-carcass) fat. The carcass portion of the image was separated from the internal portion 
using standard image analysis software to draw the boundary between carcass and internal 
tissues. Each cross-sectional carcass image (with the internal portion removed) was then 
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divided further into an inner and outer region, to separate subcutaneous fat from inter-
muscular fat. Subcutaneous fat was defined as fat lying underneath the skin and over a layer 
of muscle or bone. These criteria were used to trace the boundary separating the different 
carcass fat depots. 
3.3.1 Carcass fat, internalfat and carcass muscle 
Prediction equations were derived for weights of total carcass fat, carcass muscle and 
internal fat from data collected as part of a separate calibration trial. The design of the 
calibration trial was described in Chapter 2. However, the equations derived and used here 
differ slightly from those derived in that chapter, since they precede refinements to the 
statistical methods used to identify threshold CT values for different tissues (Glasbey and 
Robinson, 2002). The following prediction equations were used in these analyses:- 
CFWT= 1104 + 0.207*LV2CFA + 0.3 12*TV8CFA + e 	 (R2=98.2%) 
IFWT = -1434 + 0.356*HIPIFA + 0.051 1 *(LV5IFA+LV2ffA) + e 	(R2=84.2%) 
CMWT =43126+ 0.362*ISCCMA+0.46 1 *LV5CMA_ 304*HIPCMD + e (R2 76.9%) 
Where CFWT= carcass fat weight (g), CFA = carcass fat area, IFWT = internal fat weight 
(g), IFA = internal fat area, CMWT = carcass muscle weight (g), CMA = carcass muscle 
area, CMD = carcass muscle density, e = residual variation 
The variance / covariance matrix at each of the five scanning events within tissue was 
calculated for each of the three tissues studied (CFWT, IFWT, CMWT). A Box's test was 
then performed using Genstat (Lane and Payne, 1996). This procedure tests for sphericity 
(i.e. equal variances and equal co-variances within the matrix). The chi-square test is then 
used to decide whether or not to reject the null hypothesis of sphericity. As a result, 
37 
multivariate restricted maximum likelihood was performed in ASREML (Gilmour et al., 
2001) treating measurements at the five scanning events as different traits. This analysis 
was repeated for each of the three tissues, using the model below for each scanning event, 
to determine which fixed effects were significant at each scanning event and to produce 
least-squares means. 
Where, Y = tissue wt, j.t = mean, A = age, L = litter size 
Feed regime was not fitted in the model, since it was confounded with litter size in most 
cases. The exceptions were the five animals of poor condition which were separated from 
the flock between pregnancy scanning and pre-lambing. However, these animals were 
spread throughout the litter size / age groups and it was thought that preferential treatment 
of such small numbers of ewes would not affect contemporary group means. 
Changes in weight of each of the three tissues between successive scanning events were 
calculated, giving four values per tissue per animal. Multivariate restricted maximum 
likelihood (REML) was performed in Genstat v.4.1 (Lane and Payne, 1996) treating the 
four weight changes as different traits to determine which fixed effects significantly 
affected these weight changes and to produce least-squares means. This analysis was 
repeated for each of the three tissues, using the model below. 
Yjkl = + Tw1 + A + Lk  + ALk + ekI 
Where, Y = tissue weight change, = mean, Tw = tissue weight pre-mating 1997, A = age, 
L = litter size 
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3.3.2 Carcass fat partitioning 
A sub-set of the CT images from the ewes described above was further analysed to separate 
carcass fat into subcutaneous (SCF) and inter-muscular (IMF) depots. The 130 ewes studied 
included 103 two-year-old ewes (7 barren, 70 single and 26 twin-bearing ewes in 1998) and 
27 three-year-old ewes (15 single- and 12 twin-bearing in 1998). This analysis was 
originally undertaken as a separate project and data from the additional 12 ewes from the 
first dataset were not available. Prediction equations were derived for weights of total SCF 
and IMF from the calibration data set described above using multiple regression analyses:- 
SCFWT 524 + 0. 1227*ISCSCFA + 0.3913*TV8SCFA + e 	 (R2=95.8%) 
IMFWT = 394 + 0.382*TV8IMFA + e 
	
(R2=95 .2%) 
Where SCFWT= SCF weight (g), SCFA = SCF area, IMFWT = IMF weight (g), IMFA = 
IMF area, e = residual variation 
The same models were fitted and analyses performed for each of the two carcass fat depots 
(SCFWT, IMFWT) as for the three tissues above. 
3.4 Results 
Average live weights at each of the five scanning events are presented in Figure 3.1 for 
each age group of ewes. 
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Figure 3.1: Average live weights of ewes at CT scanning events 
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Box's tests comparing CFWT, IFWT and CMWT at each of the five scanning events gave 
Chi-square results of 188.60, 57.46 and 75.35 respectively (d.f. 13) indicating that the 
variances and co-variances were significantly different (P<0.001) between scanning events 
within tissue. Therefore, the measurements taken at different scanning events were treated 
as separate traits. 
3.4.1 Carcass fat, internalfat and carcass muscle 
Least-squares means for predicted tissue weights at each scanning event, for each group of 





Figure 3.2: Least-squares means for predicted tissue weights in two-year-old ewes 
pie-mating 	pre-lambing mid-lactation weaning pie-mating 
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Figure 3.3: Least-squares means for predicted tissue weights in three-year-old ewes 
pre-mating 	pre-lambing mid-lactation weaning pre-mating 
ND J F MA M J J A SON D 
Month of year 
—D— single 
(CMWT) 
- -A— twin (CMWT) 
—0--single (CFWT) 
—A --twin (CFWT) 
- - 0 - - single (IFWT) 
--A  - - twin(IFWT) 
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Three-year-old ewes carried significantly more carcass fat than two-year-olds at all 
scanning events (P<0.05) except pre-mating (1997 and 1998). However, age had no effect 
on IFWT or CMWT at any scanning event. From mid-lactation onwards barren ewes 
carried significantly more carcass fat and internal fat (P<0.05) than ewes rearing lambs. 
The one exception was IFWT in single-rearing ewes at pre-mating 1998, which were not 
significantly different to barren ewes. The only significant differences in tissue levels 
between single- and twin-bearing ewes were in IFWT pre-lambing (ewes carrying single 
lambs had more internal fat (P<0.05)) and in CMWT mid-lactation (ewes rearing twins had 
more muscle (P<0.05)). 
Table 3.2: Least-squares means for changes in tissue weights between successive scanning 
events (kg) 
2 year old ewes 	 3 year old ewes 
0 lambs 	I lamb 	2 lambs 	1 lamb 	2 lambs 
CFWT 
Pre-mating — Pre-lambing 1.766a I.456a 1.694a 082b 0•628b 
Pre-lambing — Mid-lactation 1.505a 300b -0.805 be -1.897 Id 0890bc 
Mid-lactation — Weaning 1.999a 0468b 0284b 1.175a 0.324 b 
Weaning - Pre-mating 0.780a 1.756 b  1•559t 1•904bd1 1.648 bed 
IFWT 
Pre-mating - Pre-lambing _0.860a -1.103 ab-1.08 1  a -0.505 ac -1.068 ab 
Pre-lambing — Mid-lactation 0.802a -0.852 be 0.790c -1.028 be ac .-0.141 
Mid-lactation - Weaning 1.526a 1.001a 1.022a 1.035a 0.6422 
Weaning— Pre-mating 0.443a 0941abe 0672ab 1.190c 1056abc 
CMWT 
Pre-mating - Pre-lambing 0.386a 0428b 0382b 0201b -0.21 1b 
Pre-lambing - Mid-lactation 1.162 a 0484b 0.023c 0722bd 0.103 be 
Mid-lactation - Weaning 1.1 47a 1.476 abd 1.143 th 1.679' 0.738 abc 
Weaning - Pre-mating 0.432a 0066b 0048ab 70ab -0.252 al 
Values within a row with different superscripts are different at the 5% level of significance 
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For each of the three tissues studied, ewes with higher tissue levels pre-mating showed 
significantly greater weight changes in that tissue throughout the production cycle (P<0.05). 
Table 3.2 shows changes in tissue weights between successive scanning events. From pre-
mating to pre-lambing (pregnancy) two-year-old ewes lost significantly more CFWT than 
three-year-old ewes (P<0.05), whereas IFWT changes were only significantly different 
between age groups in single-bearing ewes, with two-year-old ewes losing more IFWT 
(P<0.05). During this period, number of lambs carried did not significantly affect loss of 
CFWT in either age group or loss of IFWT in two-year-old ewes (P>0.05). However, three-
year-old ewes carrying twins lost significantly more IFWT during pregnancy than those 
carrying a single lamb (P<0.05). From pre-lambing to mid-lactation (early lactation) two-
year-old ewes with lambs lost CFWT and IFWT, while barren ewes deposited fat in both 
depots. There was no significant difference in the amount of fat (CFWT or IFWT) depleted 
by two-year-old ewes rearing single or twill lambs (P>0.05), but in three-year-old ewes 
those rearing singles lost significantly more fat than those rearing twins (P<0.05). From 
mid-lactation to weaning (late lactation) barren ewes and three-year-old ewes rearing a 
single lamb gained significantly more carcass fat than other ewes (P<0.05), but deposition 
of internal fat did not differ significantly between ewes of different age or rearing status. 
From weaning to pre-mating (dry period) number of lambs reared (one or two) did not 
significantly affect fat deposition in carcass or internal depots of ewes which had reared 
lambs (P>0.05). The two-year-old ewes that did not rear lambs deposited significantly less 
carcass fat (P<0.05), but similar levels of internal fat to other two-year-old ewes during this 
period (P>0.05). 
CMWT changes were significantly different (P<0.05) during pregnancy and early lactation 
between barren ewes (increase in muscle weight) and ewes that produced lambs (decrease 
in muscle weight, with the exception of three-year-old ewes with twins in early lactation). 
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Within each age group, ewes producing single and twin lambs did not differ significantly in 
the amount of muscle lost during pregnancy (P>0.05), but during early lactation ewes 
rearing a single lamb lost more muscle than those rearing twins (P<0.05). During late 
lactation two-year-old ewes deposited similar amounts of muscle, regardless of number of 
lambs reared (P>0.05), whereas three-year-old ewes deposited significantly more muscle if 
they were rearing a single compared to twin lambs (P<0.05). During the dry period all ewes 
depleted muscle, except two-year-old ewes that had reared one lamb, which gained a small 
amount. The only significant difference in CMWT change after weaning was between two-
year-old ewes that had been barren, which lost muscle, and two-year-old ewes that had 
reared one lamb, which gained muscle (P<0.05). 
3.4.2 Carcass fat partitioning 
Least-squares means for predicted carcass fat depot weights at each scanning event, for 
each group of ewes, are plotted in Figures 3.4 and 3.5. 
Figure 3.4: Least-squares means for predicted tissue weights in two-year-old ewes 
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Figure 3.5: Least-squares means for predicted tissue weights in three-year-old ewes 
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Ewe age had no significant effect on SCF weight at any scanning event and only had a 
significant effect on IMFWT pre-mating 1998 (P<0.05), when three-year-old ewes had 
more IMF than two-year-olds. Within the two-year-old ewes, those rearing single lambs 
carried significantly less carcass fat in both depots than barren ewes from mid-lactation 
onwards and ewes rearing twin lambs carried significantly less fat than barren ewes in both 
depots from weaning onwards (P<0.05). Three-year-old ewes that produced single lambs 
had more carcass fat in both depots at pre-mating 1997 than those that produced twins 
(P<0.05). However, single- and twin-bearing three-year-old ewes did not differ significantly 
in SCFWT or IMFWT from pre-lambing onwards (P>0.05). 
Within each carcass fat depot, ewes that carried more fat pre-mating showed significantly 
greater fat weight changes throughout the production cycle (P<0.05). Table 3.3 shows mean 
changes in weight of both carcass fat depots between successive scanning events. Three-
year-old ewes lost significantly less fat from each depot than two-year-old ewes during 
pregnancy (P<0.05). The exception was between twin-bearing two-year-old ewes and three-
year-old ewes where the difference was not significant. Number of lambs carried did not 
significantly affect weight changes in either carcass fat depot during this period (P<0.05). 
During early lactation, changes in both depots differed significantly (P<0.05) between 
barren ewes (which deposited fat) and ewes with lambs (which lost fat). The only other 
significant difference between groups during early lactation was the increased depletion of 
subcutaneous fat in three-year-old ewes rearing a single lamb, compared to other groups of 
ewes that produced lambs (P<0.05). During late lactation, ewes rearing lambs gained 
significantly less subcutaneous fat than barren ewes (P<0.05), with the exception of three-
year-old ewes rearing one lamb, but gained similar levels of inter-muscular fat (P>0.05). 
However, the increase in weight of both carcass fat depots during the dry period was 
significantly greater in all groups that had produced lambs than in ewes that had not 
produced a lamb that year (P<0.05). 
Table 3.3: Least-squares means for changes in carcass fat depot weight between successive 
scanning events (kg) 
2 year old ewes 	 3 year old ewes 
0 lambs 1 lamb 	2 lambs 1 lamb 	2 lambs 
SCFWT 
Pre-mating - Pre-lambing -1.027 a 0.877a 0.840a 0297b 0276b 
Pre-lambing - Mid-lactation 0.945a 0865b 0668b -1 .363c 0605b 
Mid-lactation — Weaning 1.371a 0319b 0162b 0856a 0165b 
Weaning - Pre-mating 0.729a 1•250b 1.12 1  b 1.316'  1.146 b  
IMFWT 
Pre-mating— Pre-lambing 0.564a 0.522a 0416ab 0193b 0176b 
Pre-lambing - Mid-lactation 0.457a  -0.535 b 0430b _0•675b -0.313 b  
Mid-lactation - Weaning Ø594a 0.281a 0.202a 0.451a 0.221a 
Weaning - Pre-mating 0.17 	a 0503b 0412 1) 0.510b 046l 
Values within a row with different superscripts are different at the 5% level of significance 
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In summary, the results show that both carcass and internal fat depots were depleted during 
pregnancy and early lactation and repleted from mid-lactation to mating the following year. 
Muscle reserves were depleted only when fat reserves had fallen to very low levels. Figure 
3.6 quantifies the relationship between carcass fat weight at the point of maximum 
depletion (mid-lactation) and change in muscle weight from pre-mating to mid-lactation. 
This plot of raw data implies that muscle depletion markedly increased when carcass fat fell 
below a weight of around four kilograms. The relationship with muscle weight change was 
stronger (higher R2 value) for carcass fat weight than total fat weight (carcass plus internal 
fat) and for absolute weights compared to proportionate tissue weights and changes. Figure 
3.7 presents a similar relationship between the raw data for the two fat depots and implies 
that when internal fat is severely depleted (below approximately 0.5kg) carcass fat 
depletion is accelerated. 
Figure 3.6: Relationship between CFWT at mid-lactation and change in CMWT from pre-
mating to mid-lactation (0= barren ewe, A= single-bearing ewe, x= twin-bearing ewe) 
Carcass fat weight mid-lactation (kg) 
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Figure 3.7: Relationship between IFWT at mid-lactation and change in CFWT from pre-
mating to mid-lactation (0= barren ewe, A= single-bearing ewe, x= twin-bearing ewe) 
Internal fat weight mid-lactation (kg) 
Older ewes carried more carcass fat in total than younger ewes when reserves were low, 
however this difference fell below a significant level when subcutaneous and inter-muscular 
fat depots were studied individually. Mobilisation of tissue reserves was greater in single-
bearing ewes than twin-bearing ewes (although these differences fell below the level of 
significance for fat weight changes in two-year-old ewes), probably due to preferential 
feeding and management of ewes producing twin lambs. 
3.5 Discussion 
These results suggest that live weight is a poor predictor of body composition in ewes. Live 
weights increased in pregnant ewes from pre-mating to pre-lambing when fat and muscle 
weights decreased (Figures 3.1 to 3.5). This increase in live weight was probably due to the 
weight of the foetus(es), since live weight decreased in barren ewes during this period. 
Furthermore, changes in average live weight from pre-lambing to weaning do not fit with 
the patterns of change in fat and muscle. Gut-fill and udder weight would have a large affect 
on live weight of ewes during this period when ewes have access to good quality grazing. 
Bocquier and Theriez (1984), studying ewe body composition at different physiological 
states using deuterium oxide, found that although total fat weight differed significantly 
during early lactation, mid-lactation and the dry period, being significantly lower at mid-
lactation, ewe body weights and weight of protein did not differ significantly. 
Dry matter production and digestibility of vegetation types commonly found in the hill areas 
of the UK is low during winter and increases through spring, followed by a decline through 
late summer and autumn, with a second production peak occurring in September or October 
in sonic plant communities (Armstrong el at., 1997; Hodgson and Grant, 1981). In Scottish 
red deer patterns of body fat changes have been found to follow underlying environmental 
factors, such as food supply and climate (Mitchell et al., 1976). These changes in 
vegetation fit well with the patterns in body tissue changes in barren ewes in the present 
study. However, they do not explain tissue changes observed in ewes rearing lambs. Other 
factors, such as demands of reproduction and lactation must be affecting tissue mobilisation 
in these ewes. 
During the winter, fat (carcass and internal) was mobilised in response to harsh 
environmental conditions in all ewes, although internal fat levels in older ewes were also 
affected by lamb burden. Younger ewes were less able to cope with the harsh winter 
conditions than older ewes (Table 3.2). Mobilisation of muscle during pregnancy can 
provide protein for the production of colostrum and udder development (Robinson, 1987). 
Russel et al. (1968) found a reduction in 'fat-free dry matter' (mainly protein and ash) of 
20% from pre-mating to the final week of pregnancy in Blackface ewes. The smaller 
49 
decrease in muscle observed in the present study (Table 3.2) may be as a result of protein 
supplements fed to ewes during late pregnancy, which spare muscle and bone as protein 
sources. Furthermore, nutritional energy supplied by supplementary feeding spares adipose, 
and in turn muscle, as an energy source. 
Previous studies have reported mobilisation of carcass and internal fat during early lactation 
in sheep and goats (Cowan el al., 1980; Jopson et al., 1994). The fractional loss from 
different depots differed between studies. The bill sheep in this study had large amounts of 
carcass fat compared to internal fat, but it was the internal fat depots that were more 
severely depleted, in proportionate terms, during lactation. Mobilisation of muscle was 
thought to have contributed towards meeting the demands of lactation in single-rearing 
ewes, which received less supplementary feed than ewes with twins post-lambing. This 
disagrees with the findings of Cowan et al. (1980) who reported that body protein 
mobilisation contributed little to milk production. Mobilisation of fat during pregnancy and 
lactation was greater than that of muscle both in terms of proportionate and absolute tissue 
weight changes and total energy provision, since the energy contents of body fat is greater 
than that of lean meat (Armsby, 1917). 
Results of the carcass fat partitioning analyses suggest that subcutaneous fat was mobilised 
in preference to inter-muscular fat during times of nutritional stress (pregnancy and early 
lactation). Studies on mature cows of different breeds have found similar results. As fat 
cows became thinner, mobilisation of fatty tissue associated with muscle (inter- and intra-
muscular fat) was slower than mobilisation of total fat. However, when cows fell to a 
critical level of fatness and all other depots were greatly depleted, fat from depots 
associated with muscle was mobilised at a much greater rate (Wright and Russel, 1984). If 
similar patterns apply to hill sheep, the levels of internal and subcutaneous fat in this study 
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may not have fallen to sufficiently low levels to require the increased mobilisation of inter-
muscular fat. 
Whether or not the ewe reared lambs did not affect repletion of internal fat and inter-
muscular fat during late lactation, but did have an effect on subcutaneous fat repletion 
(Tables 3.2 and 3.3). This provides evidence that internal and inter-muscular fat play a 
smaller role than subcutaneous carcass fat in fuelling milk production during late lactation. 
Muscle reserves had recovered to pre-mating levels by weaning in all ewes with lambs 
(Figures 3.2 and 3.3), suggesting that depletion of muscle was only important for early 
lactation when protein was in short supply. As environmental conditions improved over the 
course of lactation this tissue was quickly repleted. 
Dissection studies on culled red deer in New Zealand found that younger animals had less 
developed fat reserves and that the amplitude of seasonal changes in these reserves was less 
(Riney, 1955). However, in the present study both age groups of ewes showed similar 
patterns of tissue change through the annual cycle. After adjusting for pre-mating tissue 
weight, the only significant difference between age groups in tissue changes between 
subsequent scanning events was during pregnancy when younger ewes lost more carcass fat 
(Table 3.2). 
This study did not determine the true differences in body tissue changes between ewes 
producing different numbers of lambs in a hill environment, because ewes rearing twins 
received preferential feeding and management. Peart (1968) found that ewes which were fed 
less in the first two weeks of lactation showed a greater loss of live weight and condition 
score which was not recovered until later into lactation. Under preferential feeding and 
management the twin-bearing animals in the present study did not reach lower levels of fat 
and muscle weight than single-rearing ewes and so were able to recover body reserves at a 
similar rate prior to mating the following year. This may have a positive effect on fertility, 
since condition score pre-mating has been found to be positively related to ovulation rate 
and negatively related to embryo mortality in Blackface ewes (Gunn and Doney, 1975). The 
results of the present study suggest that pre-mating tissue levels will also affect fat and 
muscle changes during the following pregnancy and lactation. 
Any selection programmes designed to reduce fat in hill breeds should be careful to monitor 
the effects on maternal traits, such as the ability to survive in harsh hill environments and to 
produce and rear lambs. This study has shown the importance of different fat depots for 
providing energy throughout the reproductive cycle. The results also suggest that low fat 
levels may also lead to increased depletion of muscle when energy demands are high. 
3.6 Conclusions 
These results suggest that both carcass and internal fat play important roles in providing 
energy to enable Scottish Blackface ewes to survive and reproduce in a hill environment. 
Mobilisation of both fat depots helps fuel early lactation, whereas, fat is mainly mobilised 
from subcutaneous depots to provide energy during late lactation. Depletion of muscle 
reserves is small when supplementary feeding is provided, but greater in ewes when fat 
reserves have fallen to low levels. 
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Chapter 4: Genetic and phenotypic parameter 
estimation for tissue levels in two-year-old ewes 
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4.1 Summary 
Two-year-old ewes n =236) were CT scanned at five events during their first reproductive 
cycle. pre-mating, pre-lambing, mid-lactation, weaning and pre-mating the following year. 
Genetic and phenotypic parameters were estimated for predicted total body weights of 
carcass fimt, internal fat and carcass muscle at each of the five scanning events, as well as 
for total tissue weight loss re-mating to mid-lactation) and weight gain ('mid-lactation to 
pre-mating) for each of the three tissues. 
Heritability ranges for total tissue weights at different events were 0.12 - 0.47 for carcass 
fat, 0.27 - 0.85 for internal fat and 0.17 - 0.45 for carcass muscle. Heritabilities of total 
weight loss in each tissue (0. 23, 0.63 and 0.33 for carcass fat, internal fat and muscle 
respectively) were higher than those for total tissue weight gain (all less than 0.12). Large 
standard errors were estimated for these heritabilities, limiting their interpretation. 
Reliable genetic correlations were not obtained between traits. However, phenotypic 
correlations were high and positive between weights of the two fat depots (0.62 - 0.74 
depending on event) and moderate and positive between each fat depot and muscle (0.33 - 
0.57). Correlations between fat and muscle levels were lowest pre-mating, when tissue 
weights tended to be highest. 
Phenotypic correlations between weight lostftoin different  tissues were in the range 0.4 - 
0.55 for all pair-wise tissue combinations. Total weight lost from each tissue from pre-
mating to mid-lactation was more positively correlated with weight re-gained in the same 
tissue in carcass muscle, compared to internal fat or carcass fat (phenotypic correlations of 
0. 67 0.51 and 0.32 respectively). 
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4.2 Introduction 
Heritability estimates for sheep carcass composition traits in previous studies tend to be 
moderate to large (Thompson and Ball, 1997). Most of these estimates result from studies 
on growing lambs. Various studies of carcass composition in sheep, reported by Thompson 
and Ball (1997), estimated heritabilities in the range 0.15 - 0.46 for ultrasound muscle 
depth and 0.16-0.68 for ultrasound fat depths. Values of 0.27 and 0.16 respectively were 
estimated for these traits for lambs in the SAC Scottish Blackface flock from which the data 
in this thesis were collected (Conington et al., 1995). In a CT study of lambs from three 
terminal sire breeds (Jones et al., 2004), estimates of heritabilities were 0.38— 0.41 for total 
carcass fat and 0.45 - 0.47 for total carcass muscle predicted by CT scanning. Heritability 
estimates were higher for total weights of carcass fat and muscle predicted by CT than for 
ultrasound fat and muscle measurements in that study. These estimates were also slightly 
higher than heritability estimates published for dissected weights of carcass fat and muscle. 
Few studies have estimated genetic parameters for tissue levels in breeding ewes. CT 
scanning allows repeated measurements of tissues within-animal across time. Therefore, 
genetic parameters can be estimated for total weights of fat and muscle in different body 
depots of ewes at different times of the year. It is likely that tissue levels at different stages 
of the reproductive cycle will differ in their biological control, since they will reflect the 
ability of the ewe to cope with different pressures, such as harsh climatic conditions, 
limited nutrition, pregnancy or lactation. Jones et al. (1999) found that heritabilities for 
condition score of Holstein Friesian heifers changed at different stages throughout the 
course of their first lactation. Genetic correlations between condition score at different 
stages of lactation also varied, the lowest being 0.63, suggesting that body condition was 
under different genetic control at different stages of lactation. Similar results have been 
found for ultrasound tissue depths at different stages of the production cycle in Scottish 
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Blackface ewes (Conington and Hernando, 2000). Estimates of heritabilities ranged from 
0.26 pre-lambing to 0.37 pre-mating for muscle depth, and from 0.13 at weaning to 0.16 
pre-mating for fat. Genetic correlations between the same trait at different time points 
ranged from 0.76 to 1.0. 
CT scanning will allow genetic parameters to be estimated for both carcass and non-carcass 
tissues. Some studies, on sheep and other species, have shown low correlations between fat 
levels in different depots (Thompson and Ball, 1997). This may allow selection to reduce 
one depot, whilst maintaining moderate levels in other depots. 
The aim of this chapter was to estimate genetic and phenotypic parameters for (i) total 
muscle weight, carcass fat weight and internal fat weight at different events during the 
annual reproductive cycle, and (ii) total weight loss and gain of fat and muscle during the 
annual cycle, in two-year-old ewes. 
4.3 	Materials and methods 
CT data were analysed from two-year-old ewes only (n=236) during their first potential 
reproductive season. Four cohorts of ewes were included: those that were first mated in 
1997 (n=107); 1998 (n=49); 1999 (n=43) and 2000 (n=37). One complete years' CT data 
was included for all 236 animals from a maximum of five scanning events: pre-mating the 
first year they were mated (event 1); pre-lambing (event 2); mid-lactation (event 3); 
weaning (event 4); pre-mating the following year (event 5). 
The pedigree file used in the analysis contained the sires (n=32) and dams (n207) of all 
ewes, with the exception of 36 ewes that had dam, but no sire information. A total of 801 
records were included in the pedigree file from the ewes included in the data set and their 
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relatives. 
Parameters were estimated for predicted total body weights of carcass fat (CFWT), internal 
fat (IFWT) and carcass muscle (CMWT) at each of the five scanning events, as well as for 
total tissue weight loss (pre-mating to mid-lactation) and weight gain (mid-lactation to pre-
mating) for each of the three tissues. 
Univariate analyses were performed in ASREML (Gilmour et al., 200 1) using the following 
models, to estimate genetic and phenotypic parameters. Animal was fitted as a random 
effect, year and number of lambs were fitted as fixed effects. Multivariate genetic analysis 
was not possible, due to the limited data set and pedigree structure. 
Tissue wt event 1 = year + animal 
Tissue wt event 2 = year + number of lambs born + animal 
Tissue wt event 3 = year + number of lambs at mid-lactation + animal 
Tissue wt event 4 = year + number of lambs weaned + animal 
Tissue wt event 5 = year + number of lambs weaned + animal 
Tissue wt loss I gain = year + number of lambs born + days from lambing to event 3 + 
animal 
The covariate 'days from lambing' was the number of days between the date the ewe 
lambed and the date that she was CT scanned. This covariate, to allow for effects of 
different stages of pregnancy or lactation, was calculated for each ewe at each event, but 
only had a significant effect on tissue weights at event 3. To keep models for all events 
parsimonious, the covariate was therefore not fitted for the tissue weight models. However, 
the covariate did have a significant effect on tissue weight changes (with the exception of 
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internal fat changes), so was fitted in the models for these traits. 
Phenotypic and genetic correlations were estimated between predicted total body weights of 
carcass fat (CFWT), internal fat (IFWT) and carcass muscle (CMWT) at each of the five 
scanning events. Genetic results obtained were unreliable. Phenotypic correlations (r) 
between tissue weights at each event were calculated, using resticted maximum likelihood 
methods in Genstat (5tu1  edition) (Lane and Payne, 1996), to give some idea of the 
relationships between these traits, using the models described above, but fitting sire instead 
of animal as a random effect. Approximate standard errors of the correlations (Sr)  were 
calculated using the formula: 
Sr = 'i(( I _r2)I(n_2)) 
where, n= number of records 
Phenotypic correlations were also produced between loss (from pre-mating to mid-
lactation) and gain (from mid-lactation to pre-mating) of different tissues. Again, genetic 
correlations could not be estimated. 
4.4 Results 
Figure 4.1 shows the least square means (adjusted for year and number of lambs born) from 
multivariate analyses between predicted tissue weights at each of the five scanning events, 
within tissue. 
58 
Figure 4.1: Least square means for predicted tissue weights at each scanning event 
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The results of the univariate genetic analyses are presented in Tables 4.1 and 4.2. Low to 
moderate heritabilities were estimated for CFWT and CMWT at the different scanning 
events. Moderate to high heritabilities were estimated for IFWT. Standard errors of genetic 
variances and heritabilities were relatively large, therefore few of these estimates were 
significantly different from zero. 
Genetic variances and heritabilities were greater for total tissue weight loss than weight 
gain in each tissue. Weight loss in internal fat showed the highest heritability and was the 
only estimate significantly different from zero. Total tissue weight gains in fat and muscle 
reserves from mid-lactation to pre-mating showed little genetic variation. Again, standard 
errors of heritability estimates were relatively large. 
We 
Table 4.1: Heritabilties and variances (and standard errors) of tissue weights at each event 
h2 Vg Vp 
CFWT-event 1 0.45 (0.23) ** 0.54 (0.30) * 1.20 (0.12) ** 
CFWT - event 2 0.47 (0.24) ** 0.51 (0.29) * 1.11(0.11) ** 
CFWT - event 3 0.15 (0.17) 0.14 (0.16) 0.94 (0.09) ** 
CFWT - event 4 0.12 (0.16) 0.18 (0.24) 1.48 (0.14) ** 
CFWT - event 5 0.21 (0.18) 0.36 (0.32) 1.74 (0.17) ** 
IFWT-event 1 0.85 (0.23) ** 0.71 (0.23) ** 0.83 (0.09) ** 
IFWT - event 2 0.32 (0.20) 0.21 (0.14) 0.67 (0.07) ** 
IFWT - event 3 0.42 (0.19) ** 0.31 (0.15) ** 0.73 (0.07) ** 
IFWT - event 4 0.48 (0.23) ** 0.40 (0.21) * 0.85 (0.09) ** 
IFWT - event 5 0.27 (0.20) 0.25 (0.19) 0.95 (0.09) ** 
CMWT - event 1 0.17 (0.19) 0.11 (0.11) 0.60 (0.06) ** 
CMWT - event 2 0.32 (0.19) * 0.22 (0.16) 0.68 (0.07) ** 
CMWT - event 3 0.45 (0.21) ** 0.58 (0.30) * 1.31 (0.13) ** 
CMWT - event 4 0.21 (0.18) 0.22 (0.19) 1.03 (0.10) ** 
CMWT - event  0.32 (0.21) 0.26 (0.18) 0.81 (0.08) ** 
** = estimate significantly different from zero (P<0.05), 
* = estimate nearing significance (P<0.1) 
Table 4.2: Heritabilties and variances (and standard errors) of total tissue loss and gain 
h2 Vg Vp 
CFWT loss 0.23 (0.21) 0.25 (0.24) 1.12 (0.11) ** 
CFWT gain 0.11 (0.18) 0.10 (0.16) 0.91 (0.09) ** 
IFWT loss 0.63 (0.23) ** 0.55 (0.23) ** 0.88 (0.09) ** 
IFWT gain 0.01 (0.13) 0.01 (0.11) 0.82 (0.08) ** 
CMWT loss 0.33 (0.23) 0.29 (0.21) 0.87 (0.09) ** 
CMWT gain 0.01 (0.17) 0.004 (0.11) 0.70 (0.07) ** 
** = estimate significantly different from zero (P<0.05) 
Phenotypic correlations between CT tissue weights at each scanning event are shown in 
Table 4.3. Correlations were highest between the two fat depots. At each event, correlations 
between CFWT and IFWT were of a similar magnitude. Correlations with CMWT were 
similar for carcass and internal fat. Correlations between both fat weights and CMWT were 
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lowest at events I and 5. 
Table 4.3: Phenotypic correlations between different tissues at each event (with approx. 
s.e.) 
CFWT: IFWT CFWT: CMWT IFWT: CMWT 
Event 1 0.68 (0.05) 0.33 (0.07) 0.36 (0.07) 
Event 2 0.72 (0.05) 0.43 (0.07) 0.45 (0.06) 
Event 3 0.62 (0.06) 0.44 (0.06) 0.57 (0.06) 
Event 4 0.73 (0.05) 0.48 (0.06) 0.50 (0.06) 
Event 5 0.74 (0.05) 0.40 (0.07) 0.43 (0.07) 
Table 4.4: Phenotypic correlations (with approx. s.e.) between loss and gain of different 
tissues 
CFWT 	CFWT 	IFWT 	IFWT CMWT CMWT 
Loss gain loss gain loss gain 
CFWT loss 1 	0.32 (0.07) 	0.55 (0.06) 0.41 (0.07) 
CFWT gain 1 	 0.35 (0.07) 0.09 (0.07) 
IFWT loss 1 	0.51 (0.07) 0.40 (0.07) 
IFWT gain 1 0.19 (0.07) 
CMWT loss 1 0.67 (0.06) 
CMWT gain 1 
Phenotypic correlations between total weight loss and gain of each tissue during the annual 
production cycle are shown in Table 4.4. Correlations between losses in each pair of tissues 
were of a similar magnitude (0.40 - 0.55), with the correlation between the loss of the two 
fat depots being slightly higher than between either fat depot and muscle. For each pair-
wise combination of tissues, the between-tissue correlation for tissue gain was lower than 
that for tissue loss. Correlations between CMWT gain and fat weight gain in either depot 
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were small. Tissue weight loss was most closely correlated with subsequent gain in CMWT, 
then IFWT, with CFWT showing the lowest correlation between loss and gain. 
4.5 Discussion 
Standard errors of the estimated parameters were large, due to the small size of the data set 
and shallow pedigree structure, which limits the interpretation of these results. The only 
tissue in which significant genetic variation was observed (P<0.05) was internal fat. 
However, some further general trends can be observed. 
Environmental variances for the two fat depots were lower at event 1 than at event 5. Event 
5 represents the same physiological point in the production cycle as event 1, after one 
breeding season. Prior to event 1, all ewes had been treated identically and had been grown 
from lambs under favourable environmental conditions, wintering on low-ground improved 
pastures. However, during their first productive season some ewes are likely to cope better 
with wintering on the hill and production of lambs than others, increasing variation in fat 
weights at the end of this season. Genetic variances and heritabilites for fat weights showed 
the opposite pattern, being higher pre-mating in the first reproductive season, compared to 
the second. This suggests that ewes differ in their genetic propensity to lay down fat when 
environmental conditions are good and food supply is not limiting. However, by the second 
season the tissue weight traits are also likely to reflect the ability of the ewe to cope with 
the hill environment and lamb production and replete carcass tissues for the next breeding 
season, so may be under the influence of different genes. 
For muscle weight, the largest amount of genetic variation and the highest heritability were 
found mid-lactation, when energy demands were greatest. Figure 4.1 shows that on average 
these two-year-old ewes lost muscle weight over winter, then deposited muscle during 
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summer. A moderate heritability for muscle weight mid-lactation suggests that ewes may 
differ genetically in the way they partition energy between their own growth (muscle 
deposition) and lactation. 
Tissue weight loss appeared to be under a greater amount of genetic control than tissue 
recovery since, in each of the three tissues, tissue weight loss had a larger heritability and 
genetic variance than weight gain. This suggests that ewes may possess a genetic pre-
disposition to lose more or less fat and muscle to cope with the demands of pregnancy and 
early lactation. 
Phenotypic correlations between both fat depots and muscle weight were higher at times 
when tissue weights were lower, during lactation. This suggests that animals that fall to the 
lowest levels of fat during lactation, also have the least carcass muscle at this time. 
Phenotypic correlations between losses in each pair of tissues were moderate to large and 
positive. This suggests that ewes that depleted the most fat from carcass depots also 
depleted the most internal fat and muscle. Correlations between CMWT gain and fat weight 
gain in either depot were small. Therefore, the amount of deposition of fat after mid-
lactation was not strongly associated phenotypically with amount of muscle deposition. 
This implies that different tissues are preferentially repleted, when an energy surplus 
occurs. This agrees with results from the analysis in Chapter 3, where muscle was the first 
tissue to be regained during late lactation, with slower deposition of fat. 
Results apply to primiparous ewes only and may not be directly applicable to older ewes. 
Results from analysis of two- and three-year-old ewes over one production cycle (Chapter 
3) suggest that younger ewes lose more fat during pregnancy and recover fat less quickly 
after mid-lactation than older ewes and that three year old ewes are fatter than two year olds 
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throughout the production cycle. Therefore, genetic parameters for the CT traits studied 
may change as ewes mature. 
4.6 Conclusions 
The results suggest that genetic control of fat levels in prirniparous Scottish Blackface ewes 
is highest at the beginning of their first production cycle. However, muscle levels appear to 
be under the greatest genetic control at mid-lactation. The amount of mobilisation of these 
tissues in times of negative energy balance also appears to be under genetic control, 
although only significantly so for internal fat. However, the amount of fat and muscle 
deposited tinder improved conditions is almost entirely due to environmental factors and 
has little genetic influence. 
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Chapter 5: Effect of total body tissue weights 
throughout the reproductive cycle on production 
traits in two-year-old ewes 
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5.1 Summary 
CT records from 236 two-year-old ewes and lamb production records from 464 two-year-
old ewes were analysed. Ewes were CT scanned at five events during their first 
reproductive cycle: pre-mating, pre-lambing, mid-lactation, weaning and pre-mating the 
following year. Genetic and phenotypic correlations were estimated between CT traits 
(predicted total body weights of carcass fat, internal fat and carcass muscle at each of the 
five scanning events; total weight loss ftoin each tissue pre-mating to mid-lactation) and 
lamb production traits ('number of lambs born; total weight of lambs reared to mid-
lactation or weaning). 
Large standard errors limit interpretation of results, although some general trends 
emerged. Total carcass muscle weight in the ewe throughout the reproductive cycle tended 
to be positively correlated, both genetically and phenotypically, with number of lambs born 
and total weaning weight of lambs. Total internal fat weight at events before lambing 
showed positive genetic correlations with lamb production traits, but no clear relationships 
were apparent between carcass fat weight throughout the reproductive cycle and lamb 
production traits. 
Moderate to large genetic correlations (0.39 - 0.68) and small to moderate phenotypic 
correlations (0.05 - 0.17) were estimated between fat or muscle weight loss from pre-
mating to mid-lactation and total weights of lambs reared by the ewe to mid-lactation or 
weaning. 
5.2 Introduction 
The amount of fat and muscle present in breeding hill ewes throughout the annual 
production cycle has been shown to affect ewe fertility and milk production. Gunn and 
Doney (1975) found condition score pre-mating to be positively related to ovulation rate 
and negatively related to embryo mortality in Blackface ewes. Gibb and Treacher (1980) 
found a tendency for Scottish half-bred ewes with higher condition scores at lambing, to 
produce more milk when rearing twin lambs than ewes of poorer condition. However, Peart 
(1968) found that Blackface ewes which were leaner at parturition were more efficient at 
converting feed to milk during lactation. 
Fertility and milk production will in turn affect litter size and lamb growth. Conington and 
Hernando (2000) estimated positive genetic correlations between pre-mating ultrasonic fat 
and muscle depths of Scottish Blackface ewes and the weight of their lamb(s) at mid-
lactation (rg = 0.134 and 0.284 respectively). Daily growth rates, in the first eight weeks of 
lactation, and overall live weight gains of lambs suckled by higher condition Scottish half-
bred ewes were found to be significantly higher than in lambs reared by lower condition 
ewes (Gibb and Treacher, 1980). 
However, little is known about which tissues and depots in the ewe are more important for 
Iamb production. Fat and muscle levels, and the mobilisation of these tissues, during the 
production cycle can be studied using X-ray computer tomography (CT). This chapter 
reports on the relationships between such traits, assessed using CT scanning, and lamb 
production traits in Scottish Blackface ewes during their first potential production season. 
5.3 	Materials and methods 
The data set contained production data from 464 two-year-old ewes, 236 of which also had 
CT data. 107 of the 133 ewes that were first mated in 1997 had CT data, 49 of the 145 first 
mated in 1998,43 of the 149 first mated in 1999 and all 37 ewes first mated in 2001. One 
complete years' CT data was included for all animals from a maximum of five scanning 
events (pre-mating the first year they were mated, pre-lambing, mid-lactation, weaning and 
pre-mating the following year), as well as production data from their first possible lambing 
season. 
The pedigree file used in the analysis contained the sires (n=37) and dams (n=386) of all 
ewes, with the exception of 54 ewes that had dam, but no sire information. A total of 801 
records were included in the pedigree file from the ewes included in the data set and their 
relatives. 
Phenotypic and genetic correlations were estimated using bivariate analyses in ASREML 
(Gilmour et al., 2001), between predicted total tissue weights at each of the five events and 
total weight of lambs weaned by the ewe (WWT). Bivariate analyses were also performed 
between predicted total tissue weights pre-mating the first year and number of lambs born 
(NoB). The complexity of the models for each trait was limited by the small data set, since 
models with many fixed effects and covariates would not converge. Therefore, the 
following simple models were used:- 
Tissue wt event 1 = year + animal 
Tissue wt event 2 = year + number of lambs born + animal 
Tissue wt event 3 = year + number of lambs at mid-lactation + animal 
Tissue wt event 4 = year + number of lambs weaned + animal 
Tissue wt event 5 = year + number of lambs weaned + animal 
WWT = year + animal 
NoB = year + animal 
To investigate the effects of total body tissue loss and gain during the production cycle on 
weights of lambs reared, bivariate analyses were performed between total weight of lambs 
at mid-lactation (MWT) or weaning (WWT) and total tissue loss (pre-mating to mid-
lactation) for each of the three tissues, using the following models.:- 
Tissue loss = year + NoB + days from lambing to event 3 + animal 
MWT = year + animal 
WWT = year + animal 
5.4 Results 
Most estimates of phenotypic and genetic correlations between tissue levels at each 
scanning event and total weight of lambs weaned, or number of lambs born, had large 
associated standard errors and were not significantly different from zero (Table 5.1). 
However, some general inferences can be made from these results. 
Weight of muscle in the ewe tended to be positively genetically correlated with number of 
lambs born and total weaning weight of lambs. The highest genetic correlations were 
estimated pre-mating each year. Phenotypic correlations with muscle weight tended to be 
lower than genetic correlations. Weight of internal fat in the ewe showed positive 
correlations (both genetic and phenotypic) with number of lambs born and total weight of 
lambs weaned. The highest genetic correlation with weaning weight of lambs (and the only 
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estimate that was significantly different from zero) was found for internal fat pre-lambing. 
Although positive phenotypic correlations were estimated between carcass fat weight and 
production traits, genetic correlations showed no clear trends. 
Table 5.1: Phenotypic and genetic correlations (and s.e.) between predicted total tissue 
weights and production traits 
NoB 	 WWT 
rg r 	 r r 
Event I CFWT -0.01 (0.34) 0.11 (0.07) 	-0.03 (0.36) 0.20 (0.07) ** 
IFWT 0.33 (0.26) 0.10 (0.07) 	0.25 (0.27) 0.16 (0.07) ** 
CMWT 0.26 (0.44) 0.20 (0.07) 	0.65 (0.50) 0.34 (0.06) ** 
Event 2 CFWT 0.32 (0.35) 0.23 (0.08) ** 
IFWT 0.62 (0.31) ** 0.24 (0.08) ** 
CMWT 0.33 (0.40) 0.13 (0.08) 
Event 3 CFWT 0.15 (0.52) 0.27 (0.09) ** 
IFWT 0.21 (0.35) 0.43 (0.07) ** 
CMWT 0.05 (0.35) 0.07 (0.09) 
Event 4 CFWT -0.49 (0.74) 0.13 (0.10) 
IFWT 0.02 (0.39) 0.20 (0.09) ** 
CMWT 0.31 (0.60) -0.16 (0.09) 
Event 5 CFWT -0.48 (0.68) 0.27 (0.09) ** 
IFWT -0.01 (0.52) 0.36 (0.08) ** 
CMWT 0.51 (0.40) 0.07 (0.09) 
** = estimate significantly different from zero (P<0.05) 
Table 5.2 shows moderate to large positive genetic correlations between weight loss from 
each of the three tissues and total lamb weights at mid-lactation and weaning. However, 
these correlations were not significantly different from zero (P<0.05) for carcass fat and 
muscle, due to large standard errors. Small to moderate positive phenotypic correlations 
were estimated, but these were only significant for carcass fat weight. 
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Table 5.2: Phenotypic and genetic correlations (and s.e.) between total tissue weight loss 
and total live weights of lambs produced 
MWT 	 WWT 
rg 	 r 
CFWT loss 	 0.39 (0.44) 	0.17 (0.08) ** 	0.48 (0.41) 	0.17 (0.08) ** 
IFWT loss 	 0.59 (0.26) ** 	0.11 (0.09) 	0.58 (0.24) ** 	0.17 (0.09) * 
CMWT loss 	0.68 (0.39) * 	0.05 (0.08) 	0.65 (0.37) * 	0.05 (0.09) 
** = estimate significantly different from zero (P<0.05) 
* 	estimate nearing significance (P<0.1) 
5.5 Discussion 
These results, although difficult to interpret due to limitations in the data analyses, appear 
to suggest that ewes with higher internal fat and muscle weights before their first lambing 
may produce larger litters and have heavier total litter weights at weaning. (N.B. These 
results relate to ewes under a feeding regime in which twin-rearing ewes are fed 
preferentially post-lambing and may not be relevant to sheep on different feeding regimes). 
Moderate to large positive genetic correlations estimated between tissue weight losses and 
weights of lambs reared suggest that a genetic propensity to mobilise both fat and muscle is 
likely to result in the production of a higher total weight of lambs at mid-lactation and 
weaning. 
Therefore, results indicate that increased fat and muscle weights pre-mating and during 
pregnancy, and increased depletion of these tissues during early lactation, may lead to 
increased lamb production. However, the relationship between tissue weights or changes 
and lamb production may not be linear and there may be optimal levels of these tissues, 
over which production may be hindered. These optimal levels may be outwith the range of 
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tissue weights found in the sheep studied in this trial. 
The market signals to breeders to reduce carcass fat and increase muscle in lamb carcasses 
must also be considered when making recommendations from these analyses. By selecting 
for increased fat in the ewe, fat levels are also likely to increase in their lambs, although 
how these depots are related genetically was not estimated here. One solution may be to 
select for increased internal fat in the ewe, rather than carcass fat. Pre-mating and pre-
lambing levels, and total tissue loss, of internal fat showed higher positive relationships 
with lamb production traits than carcass fat, whilst this depot should not affect lamb carcass 
grades. High phenotypic correlations between carcass and internal fat depots, however, 
indicate that selecting for an increase in one depot will result in a related increase in the 
other, although genetic associations between fat depots could not be quantified here. By 
selecting for increased fat depletion in ewes throughout the season (for example by 
selecting for low fat levels at mid-lactation as well as high levels pre-mating), any increases 
in overall fat levels should be limited. Similarly, caution should be used when selecting for 
carcass muscle loss, as the general aim is to increase lean weight in slaughter lambs. 
5.6 Conclusions 
The small data set, incomplete pedigree information and large standard errors associated 
with the estimated variance components make it difficult to draw firm conclusions from the 
genetic analyses. However, the results suggest that the best selection policy may be to select 
simultaneously for high levels of muscle and internal fat weight in ewes before lambing and 
low levels of fat at mid-lactation. This will ensure maximum fat mobilisation during early 
lactation, and also lead to increased muscle weight pre-mating, both of which should result 
in ewes rearing a heavier total weight of lambs. Collection of further CT data, over a greater 
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number of generations, will enable estimation of more reliable variance components to test 
these hypotheses. Such a study is undertaken in Chapter 7. 
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Chapter 6: Seasonal changes in tissue weights in 




Scottish Blackface ewes (n =308) were scanned using computer tomography (CT) four times 
per year, from 2 until 5-years-old. Heritabilities of tissue weights were estimated at two-
weekly intervals throughout the productive life of the ewe. Genetic correlations between 
tissue weights at the same point in the production cycle at different ages, and between 
tissue weights at different events within each annual production cycle were predicted. 
Animal solutions from random regression analyses were used to estimate tissue weights, 
from pre-mating at two years old to weaning at five years old. The effects of litter size in 
the current and previous production years on fat and muscle weights were investigated. 
Correlations between CT tissue weights and those predicted by a sine / cosine random 
regression model were 0.87, 0.84, 0.88 for carcass fat, internal fat and muscle respectively. 
Heritabilities ranged from 0.31 to 0.90 for carcass fat weight, 0.21 to 0.68 for internal fat 
weight and 0.26 to 0.57 for muscle weight, throughout the productive lifetime of the ewe. 
Heritabilities were highest during mating for fat weights, and during the thy period and 
lambing time for muscle weights. Heritabilities of tissue weights in three-year-old ewes 
were higher than in other age groups. Genetic correlations were 1.00 between tissue 
weights at the same scanning event at different ages, but ranged from close to zero to 0.97 
between scanning events within age groups. Clearly environmental variation across time 
was large. 
The number of lambs produced in both the current and the previous year influenced tissue 
levels. Ewes that did not produce lambs (barren) in a given year carried more muscle 
during that year than ewes producing lambs. As ewes aged, barren ewes carried 
increasingly more carcass fat and muscle than ewes with lambs. Barren ewes also had 
significantly more muscle during the following year than ewes that had weaned lambs. 
Twin-bearing ewes had significantly less carcass fat the following year than ewes that had 
reared a single lamb or barren ewes. These effects of previous litter size increased 
significantly with age. 
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6.2 Introduction 
Body shape and composition change as sheep grow and mature. Ratios of muscle to bone 
and of fat to muscle increase, while the body lengthens and deepens (Hammond, 1940; 
Simm, 1987). Sheep living in hill environments also undergo seasonal fluctuations in fat 
and muscle reserves within the annual production cycle. These fluctuations are associated 
with changes in climate and food supply (Armstrong et al., 1997), as well as the demands 
of reproduction and lactation (Chapter 3). 
Analyses in Chapter 3 showed that ewes of different ages lost fat and muscle during 
pregnancy and early lactation, then gained weight in both tissues during late lactation and 
the dry period. However, in deer, seasonal oscillations in fat and muscle reserves have also 
been observed in females which are not reproducing (Weber and Thompson, 1998b). CT 
scanning of non-pregnant mature farm-reared fallow deer showed highest tissue levels in 
autumn and lowest levels in spring. The study also demonstrated that patterns of tissue 
change differed between fat and muscle across the annual cycle, and oscillations in these 
tissues could be observed independent of changes in empty body mass (Weber and 
Thompson, 1998c). The results of Chapter 3 in this thesis found that three-year-old ewes 
had significantly more carcass fat than two-year-olds pre-lambing, and at mid-lactation and 
weaning, but similar levels pre-mating when fat reserves were highest. Age did not have a 
significant effect on internal fat weight or carcass muscle weight at any of these times, 
although only two- and three-year-old ewes were compared. Dissection studies on culled 
red deer in New Zealand found that younger animals had less developed fat reserves and 
that the amplitude of seasonal changes in these reserves was less (Riney, 1955). Results 
from dissection studies on Merino wether lambs, which were fed to gain and then lose 
weight, also showed that stage of maturity affects compositional changes during weight 
loss, with young animals tending to lose less fat than older animals (Aziz et al., 1992). 
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Using serial slaughter of Merino sheep, Ball et al. (1996) found that changes in body fat 
could be modelled effectively from weaning to maturity (18 to 102 weeks of age) by adding 
a sine function to an allometric growth model. Fat increased in rams during the summer, 
peaking in mid-summer, but peaked in autumn in ewes. Total body muscle of rams 
increased during winter, approximately six months out of phase with the oscillation of fat, 
but the sine function was not significant for total body muscle of ewes. 
Levels of carcass fat, internal fat and muscle, and the changes in these tissues during the 
annual production cycle, have been shown in Chapter 4 to be under genetic control in two-
year-old Blackface ewes during their first lambing season. Phenotypic and genetic 
differences may also occur between animals in tissue levels and oscillations in these tissues 
throughout their reproductive lifetimes. It would be of great interest to model ewe tissue 
changes across multiple production cycles within animal, and to estimate genetic 
parameters for these traits. It would be possible then to relate tissue levels and changes in 
the breeding ewe, over multiple production cycles, to lamb production traits and longevity. 
Recent research has suggested that selection to increase milk yield in the dairy cow may be 
favouring animals that have a genetic propensity to mobilise body tissue (Coffey et al., 
2001). Similar relationships should be investigated in sheep. 
Random regression models have mainly been used for dairy cow data, to describe changes 
during one or multiple lactations in traits such as milk yield (Jamrozik and Schaeffer, 1997; 
Schaeffer and Dekkers, 1994), condition score, live weight and feed intake (Coffey et al., 
2001; Coffey et al., 2002; Jones et al., 1999). This method has also been used to model 
growth in beef cattle and sheep (Lewis and Brotherstone, 2002; Meyer, 2002). By using 
random regression methodology, a profile can be constructed for individual animals using 
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repeated measures of a trait of interest taken on that individual, or using repeated measures 
taken on different animals, e.g. several daughters of one sire, over a period of time. Fitting a 
random regression model to ewe tissue weight data would allow a fixed regression to 
describe the average shape of the curve for fat or muscle levels across multiple production 
cycles, and a random regression to describe the deviations of each individual ewe from the 
average curve. 
The aims of this chapter were to (i) model changes in fat and muscle levels in breeding hill 
ewes throughout their reproductive lifetime using random regression, (ii) estimate genetic 
parameters for these traits, and (iii) investigate how lamb production affects ewe tissue 
levels over multiple production cycles. 
6.3 	Materials and methods 
Data were collected on 308 Scottish Blackface ewes from a SAC research farm in the 
Pentland hills, near Edinburgh, from autumn 1997 until autumn 2002. The distribution of 
the data, over cohorts and age groups of ewes, is shown in Table 6.1. 
Table 6.1: Number of ewes from each cohort recorded at each age 
Ewe year of birth 	2 years old 	3 years old 	4 years old 	5 years old 
1995 34 32 17 
1996 126 111 105 82 
1997 53 42 41 35 
1998 50 44 42 
2000 36 
Total 265 231 220 134 
Further details of the farm, and the feeding and management regime, are given in Chapter 3 
and also by (Conington et al., 1995). Ewes were CT scanned four times per year: pre- 
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mating (November); pre-lambing (April); mid-lactation (June); weaning (August), from pre-
mating at 2-years-old. Prediction equations (Chapter 2) were used to estimate total weights 
of carcass fat, internal fat and carcass muscle from cross-sectional CT images, for each 
animal at each scanning event. Also included in the data set were numbers of lambs born to, 
and weaned by, each ewe in each year. The data comprised 2852 records. Counts of records 
in each age / scanning event / litter size sub-group are presented in Table 6.2. For each 
annual production cycle, 'age' describes how old the ewe was at lambing that year. 
Table 6.2: Number of records at each scanning event according to age and litter size 
Ewe age Scanning Event 	Litter size 	Total 
0 	1 	2 	3 
2 Pre-mating 19 150 95 1 265 
Pre-lambing 19 149 95 1 264 
Mid-lactation 16 151 95 1 263 
Weaning 18 149 91 1 259 
3 Pre-mating 6 119 103 3 231 
Pre-lambing 7 98 81 1 187 
Mid-lactation 7 96 81 1 185 
Weaning 6 96 80 182 
4 Pre-mating 12 63 140 5 220 
Pre-lambing 8 52 105 5 170 
Mid-lactation 11 50 104 4 169 
Weaning 11 49 105 4 169 
5 Pre-mating 7 37 86 4 134 
Pre-lambing 6 14 30 1 51 
Mid-lactation 6 15 30 1 52 
Weaning 6 14 30 1 51 
Total 165 1302 1351 34 2852 
A pedigree file was used in the analysis to define relationships between animals. This file 
contained the sire and dam of all ewes, with the exception of three ewes that had no 
pedigree information and a further 48 ewes with dam, but no sire information. The pedigree 
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file also included information on the paternal grandparents of 39 of the ewes and maternal 
grandparents of 44 ewes. The ewes included in the data set were born to a total of 42 sires 
and 260 dams. 
Predicted tissue weights over four complete production cycles were modelled using random 
regression analyses, for each of the three tissues (carcass fat, internal fat, muscle). 
Polynomials of order 2 to 5 and sine / cosine curves were tested to assess their fit to the 
data, using ASREML (Gilmour et al., 2001). For each model the fixed effects and 
covariates shown in the model below were included, as well as the polynomial or sin / cos 
effects, fitted as random effects. Log likelihood values produced by ASREML were used as 
a guide to compare the fit of each model, using chi-square tables to determine the 
significance of the difference (2 * difference in log likelihood, at d.f. = difference in 
number of parameters between models). 
Sin / cos curves produced the best fit, and were therefore fitted for each of the three tissues 
within ewe, as a function of ewe age in days, using the model below: 
Zuk = + D + L + Wk  + DL1 + DW1k + LWJk + A1 + Asin(XD)hT, + Acos(XD)li, + P0 + YP + 
eUkl,0P 
Where, Z = tissue wt, p. = mean, D = ewe age in days (covariate), L = litter size (fixed), W 
= number of lambs weaned the previous year (fixed), A = animal (random), X = 2*11/365, P 
= permanent environmental effect (random), Y = year of birth of ewe (fixed). 
Individual animals were allowed to have different coefficients for the sine and cosine terms 
(random regression coefficients). Covariances between the sine and cosine terms were also 
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included in the model. This model therefore allowed the amplitude of the oscillations in 
each tissue to differ between ewes. 
Residual error was split into sixteen classes, representing each scanning event at each age, 
assuming residual error to be homogeneous within class, but heterogeneous across classes. 
Correlations between CT tissue weights and solutions predicted by the best model, for each 
animal at each event, were calculated to assess the fit of the model. 
6.3.1 Variance component estimation 
Genetic variance was estimated at two-weekly intervals between pre-mating at two years 
old and pre-mating at five years old, from the genetic (co)variance matrix of curve 
coefficients. These values were then added to the estimated permanent environmental 
variance and the relevant residual error variance to calculate phenotypic variance at each 
time point. Since residual error estimates were only available at four time points through the 
year (pre-mating, pre-lambing, mid-lactation and weaning), error variance values were 
smoothed between these points to estimate values for the time points between the main 
scanning events. Heritabilities were then estimated at two-weekly intervals throughout the 
productive life of the ewe. 
Genetic correlations were estimated between tissue levels at the same point in the 
production cycle at different ages, and between tissue levels at different events within each 
annual production cycle. 
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6.3.2 Animal solutions 
Animal solutions obtained from the analysis were used to calculate weights of carcass fat, 
internal fat and muscle, at two-weekly intervals from pre-mating at two years old to 
weaning at five years old, for animals with different levels of the following fixed effects: 
litter size (LS) - averaged over different levels of number of lambs weaned the 
previous year and year of birth of the ewe 
previous litter size (PLS) - defined as number of lambs weaned the previous year, 
averaged over different levels of litter size and year of birth of the ewe 
Pair-wise differences between different levels of these fixed effects, and their interactions 
with age of ewe, were tested for significance using t-tests. 
6.4 Results 
Raw mean tissue weights are presented in Figure 6.1 (see page 99) for ewes with different 
levels of LS, and in Figure 6.2 (see page 100) for ewes with different levels of PLS. Means 
are smoothed across four annual production cycles from pre-mating at two-years-old (570 
days old) to weaning at five-years-old (1942 days old). 
Table 6.3 shows the relative log likelihood values produced by ASREML when each tissue 
was modelled fitting polynomial or sin I cos curves. All log likelihood estimates are shown 
relative to the smallest estimate (sin Icos model). Although not strictly comparable, the 
differences in log likelihood suggest that the sin I cos curve fits the data better than the 
polynomial curves for each tissue. Therefore, the sin I cos curve was chosen as the model 
for further analysis. 
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Table 6.3: ASREML log likelihood values for each model, relative to the sin /cos model 
Curve fitted 	Carcass fat 	Internal fat 	Muscle 
No curve fitted 375 273 384 
2' order polynomial 208 185 346 
3rd order polynomial 140 162 341 
4th order polynomial 126 157 336 
5th order polynomial no convergence 132 no convergence 
sin/cos 0 0 0 
Correlations between CT tissue weights and those predicted by the sin I cos model were 
0.87, 0.84, 0.88 for carcass fat, internal fat and muscle respectively. This suggests that the 
fit of the model to the data is very good. 
6.4.1 Variance component estimation 
Figures 6.3, 6.4 and 6.5 show phenotypic and genetic variances and heritabilities estimated 
for carcass fat, internal fat and muscle respectively, across four annual production cycles. In 
each case, the shading of the arrows on the x-axis represents the different scanning events: 
black = pre-tupping, dark grey = pre-lambing, light grey = mid-lactation, white = weaning. 
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Figure 6.5: Variances and heritabilities of muscle weight through four production cycles 
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Heritabilities ranged from 0.31 to 0.90 for carcass fat weight, from 0.21 to 0.68 for internal 
fat weight and from 0.26 to 0.57 for muscle weight. Heritabilities and standard errors at 
each scanning event are shown in Table 6.4. Heritabilities for fat weights were highest 
during mating and for muscle weights were highest during the dry period and at lambing 
time, compared to other times of the year. Heritability estimates were also higher in three-
year-old ewes (second production cycle), compared to other age groups. Genetic variances 
showed seasonal fluctuations in all three tissues, but did not appear to be affected by age of 
the ewe. The differences in heritabilities in ewes of different ages were therefore due to 
differences in environmental variance. 
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Table 6.4: Heritability estimates (and standard errors) at each scanning event 
Age 	Event Carcass fat Internal fat Muscle 
2 	Pre-mating 0.71 (0.05) 0.58 (0.06) 0.42 (0.10) 
Pre-lambing 0.63 (0.09) 0.29 (0.12) 0.43 (0.10) 
Mid-lactation 0.60 (0.13) 0.46 (0.08) 0.41 (0.08) 
Weaning 0.67 (0.10) 0.47 (0.09) 0.52 (0.09) 
3 	Pre-mating 0.89 (0.05) 0.67 (0.07) 0.51 (0.12) 
Pre-lambing 0.75 (0.11) 0.34 (0.13) 0.55 (0.12) 
Mid-lactation 0.45 (0.11) 0.42 (0.08) 0.47 (0.09) 
Weaning 0.54 (0.09) 0.40 (0.09) 0.50 (0.09) 
4 	Pre-mating 0.78 (0.05) 0.62 (0.07) 0.50 (0.11) 
Pre-lambing 0.67 (0.10) 0.29 (0.12) 0.46 (0.11) 
Mid-lactation 0.44 (0.11) 0.36 (0.07) 0.39 (0.07) 
Weaning 0.46 (0.08) 0.35 (0.08) 0.48 (0.08) 
5 	Pre-mating 0.67 (0.05) 0.47 (0.06) 0.42 (0.10) 
Pre-lambing 0.49 (0.09) 0.26 (0.11) 	- 0.46 (0.12) 
Mid-lactation 0.34 (0.09) 0.25 (0.06) 0.27 (0.06) 
Weaning 0.40 (0.09) 0.21 (0.06) 0.41 (0.08) 
Genetic correlations between tissue weights at the same scanning event at different ages 
were 1.00 for all four events in all three tissues. This suggests that the same trait is being 
measured at the same point in the production cycle at each age. Genetic correlations 
between events within age group were similar at each age. The ranges of these correlations 
across the four age groups are given in Table 6.5 for all three tissues. 
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Table 6.5: Genetic correlations between tissue weights at each scanning event within age 
Carcass fat 	 Pre-mating 	Pre-lambing 	Mid-lactation 
Pre-lambing 	0.97 -0.98 
Mid-lactation 0.44 -0.45 0.57 -0.59 
Weaning 0.78-0.80 0.84-0.88 0.89-0.91 
Internal fat 	 Pre-mating 	Pre-lambing 	Mid-lactation 
Pre-lambing 	0.68 -0.74 
Mid-lactation 	-0.02 --0.01 	0.56 -0.63 
Weaning 	0.57 -0.62 	0.84-0.87 	0.76 -0.80 
Muscle 	 Pre-mating Pre-lambing Mid-lactation 
Pre-lambing 	0.30 
Mid-lactation 	0.57 -0.59 	0.87 
Weaning 	0.91-0.92 	0.48-0.51 	0.81 —0.83 
For both fat depots, the lowest genetic correlations were between tissue weights at pre-
mating and mid-lactation. In the case of internal fat this correlation was close to zero. The 
lowest genetic correlations, when comparing muscle weights at different events, were 
between pre-mating and pre-lambing. 
6.4.2 Animal solutions 
Animal solutions for tissue weights in ewes with different levels of LS are shown in Figure 
6.6 (see page 101), smoothed over time. Values are averaged over the solutions for PLS and 
year of birth of the ewe. Therefore, continuous lines do not represent the same individual 
animals, but flock means at any given time. 
Table 6.6 shows the level of statistical significance of the differences in tissue levels 
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between ewes producing different numbers of lambs (effect of LS, presented above the 
diagonal) and whether these differences changed significantly with age (effect of LS x ewe 
age interaction, presented below the diagonal). 
Table 6.6: Level of significance of differences between tissue weights for ewes producing 
different numbers of lambs (effect of LS above diagonal, effect of LS x ewe age interaction 
below diagonal) 
LS=O LS=1 LS=2 
LS=O 	Cfat ns * 
Hat ** ns 
Musc ** ** 
LS=1 	Cfat ** ns 
Hat ns ns 
Muse ** ns 
LS=2 	Cfat ** ns 
Hat ns ns 
Musc ** ns 
(** P<0.05, * P<0.1, ns= P>0.1) 
Ewes producing lambs had lower levels of muscle than barren ewes during the year in 
which the lambs were born. No significant differences in carcass fat levels occurred 
between ewes with different litter sizes, but ewes producing a single lamb had significantly 
more internal fat than barren ewes. As ewes aged, barren ewes carried significantly greater 
amounts of carcass fat and muscle (LS x age of ewe interaction) compared to ewes with 
lambs (LS of one or two). The same patterns were observed, but were not significant, for 
internal fat. Figure 6.6 (page 101) shows that muscle levels in two-year-old ewes were 
lower in barren ewes than those that produced lambs, but as the ewes aged those that did 
not produce lambs carried increasingly greater amounts of muscle than those with lambs. 
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Preferential feeding and management of twin-bearing ewes during late pregnancy and 
lactation may explain the similar levels of carcass fat, internal fat and muscle observed in 
ewes producing one or two lambs. 
Animal solutions for tissue weights in ewes with different levels of PLS are shown in 
Figure 6.7 (see page 102), smoothed over time. Values are averaged over the solutions for 
ewes with different levels of LS and year of birth of the ewe. 
Table 6.7 shows the level of statistical significance of the differences in tissue levels 
between ewes of different PLS (presented above the diagonal) and whether these 
differences changed significantly with age (effect of ewe age x PLS interaction, presented 
below the diagonal). 
Table 6.7: Level of significance of differences between tissue weights for ewes weaning 
different numbers of lambs the previous year (effect of PLS above diagonal, effect of PLS x 
ewe age interaction below diagonal) 
PLS =O PLS =1 PLS =2 
PLSO Cfat ns ** 
Ifat ns ns 
Musc ** ** 
PLS =1 Cfat Ns ** 
Ifat ** * 
Muse ** * 
PLS2 Cfat ** ** 
Ifat ns ** 
Muse ** ** 
(** P<0.05, * P<0.1 ns= P>0.1) 
Ewes with a PLS of two had significantly less carcass fat than ewes with a PLS of one or 
zero. Ewes with a PLS of zero also had higher muscle levels than ewes that had reared 
lambs the previous year. Carcass fat levels increased with age in ewes with a PLS of zero or 
one, but showed no increase in ewes of PLS two (Figure 6.7, page 102). Therefore, the 
difference in carcass fat levels between ewes with a PLS of two and others increased 
significantly with age (Table 6.7). Differences in internal fat levels between ewes of PLS 
one compared to ewes that had reared two or no lambs increased with age (P<0.05, Table 
6.7). Muscle levels were similar in all age groups of ewes where PLS was two, whereas 
ewes with a PLS of one showed an increase in muscle with age and ewes with a PLS of zero 
showed a larger increase with age (Figure 6.7). Therefore, differences between ewes of 
differing PLS increased significantly with age (Table 6.7). 
6.5 Discussion 
Chapter 4 estimated low to moderate heritabilities for total weights of carcass fat and 
muscle, predicted by CT scanning, and moderate to high heritabilities for total internal fat 
weight, in two-year-old Blackface ewes. The increased number of animals, increased 
number of records on each animal throughout their lifetime, and the improved model in the 
current study result in lower standard errors, indicating that the new estimates are more 
reliable. Heritability estimates for sheep carcass composition traits in previous studies tend 
to be moderate to large (Thompson and Ball, 1997). However, few estimates are as high as 
the upper end of the range found for carcass fat weight in the current study (0.90). This 
could suggest that heritability has been overestimated at some time points, although 
standard errors were lowest for heritabilities of fat weights pre-mating (Table 6.4), when 
these high values were estimated. 
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Increased heritabilites, compared to previous estimates, may be partly due to improved 
methods of measurement. By reducing measurement error, environmental variance is 
reduced, resulting in increased heritability estimates. Repeated measures of tissue weights 
within-animal in this study may have led to increased heritabilities compared to other 
studies where estimates are based on single measurement variables, due to such a reduction 
in measurement error. Comparatively high heritability estimates may also have resulted 
from the fact that CT scanning produces more accurate measurements and predictions of 
body composition than those resulting from the use of traditional tools, such as ultrasound 
scanning, or even dissection. In this way, residual error is reduced and heritability 
increased. In a study of lambs from three terminal sire breeds (Jones et al., 2004), estimates 
of heritabilities were higher for total weights of carcass fat and muscle predicted by CT 
than for ultrasound fat and muscle measurements. These estimates were also slightly higher 
than heritability estimates published for dissected weights of carcass fat and muscle. 
However, the heritability estimates obtained using CT in that study (0.38 - 0.41 for carcass 
fat and 0.45 - 0.47 for carcass muscle) were still lower than the highest estimates in the 
current study, especially for carcass fat. 
Most previous heritability estimates for carcass composition traits are derived from data on 
growing lambs (Thompson and Ball, 1997). However, different genetic factors are likely to 
influence tissue levels in breeding hill ewes, including factors associated with reproduction, 
survival or extensive grazing behaviour. Free-ranging hill ewes have been found to graze 
similar areas of the hill as their female relatives. In a study of Soay sheep on the Scottish 
island of St Kilda, significant genetic differences were observed between sheep grazing 
three spatial sub-units or 'hefts' (Coltman et aL, 2003). That study concluded that genetic 
sub-structure within wild, free-ranging populations could lead to confounding of genetic 
and environmental effects. The ewes in the current study grazed four different hefts on the 
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same hill farm. The effect of heft was tested in the models for fat and muscle weights, but 
was found to be non-significant, and had very little effect on the heritability estimates. This 
may be due to confounding of heft with other effects in the model. The females on this 
research farm are gathered and handled regularly and spend short periods of the year 
grazing lowland paddocks, so do not exhibit the 'incomplete post-natal dispersal' described 
by (Coltman et al., 2003) in the wild sheep population. However, the confounding of 
genetic and environmental effects due to possible common grazing areas of related ewes 
may help explain the high heritability estimates found here. It would be of interest to study 
this effect in more detail in future, when data are available from more ewes within each 
heft. 
In both fat depots (carcass and internal), genetic variance and heritability estimates were 
highest during mating compared to other times during the annual production cycle. Mating 
is the point in the production cycle when ewes are in the best condition, having benefited 
from good quality grazing through autumn, following the weaning of their lambs. The high 
heritabilities estimated at this time suggest that ewes differ in their genetic propensity to 
deposit fat when food supply is not limiting. When energy demands were high and food 
supply was limiting, during pregnancy and early lactation, genetic variation and 
heritabilities of fat weight in both depots were reduced. There may be a desired minimum 
level of fat for normal body function. Genetic variation in fat levels may be reduced as this 
limit is approached. Genetic variation in muscle was similar throughout the year except 
during late winter (pregnancy) when estimates were lower, implying reduced genetic 
control of muscle weight during this period. 
The prediction equations used in this study to estimate total body tissue weights from 
reference scan tissue areas were derived from a calibration study using CT and dissection 
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data on thirty cull ewes (Chapter 2). For welfare reasons, none of the ewes in the calibration 
trial were pregnant or lactating at the time of scanning and subsequent slaughter. 
Consequently, the predictions of tissue weights during pregnancy and lactation may be less 
accurate than those predicted pre-mating, which would reduce heritabilities at these events. 
A new scanner has been installed at SAC in the past eighteen months, which has the 
capability to take 'spiral' scans along the whole length of the sheep in a few minutes. This 
method can be used to produce highly accurate estimates of total body tissue weights from a 
large number of continuous cross-sectional scans (Horn et al., 1996). Spiral scans are now 
being performed on hill ewes at different points in the production cycle. The possibility will 
then exist to test the prediction equations used in this study in pregnant and lactating ewes, 
by relating the reference scan measurements to total tissue weights estimated from spiral 
scan data from many continuous scans, rather than from dissected tissue weights. The 
original CT scanner, used in this study, was much slower and collected substantially less 
data. Therefore, the possibility did not exist to take many continuous scans in a large 
number of pregnant and lactating ewes, due to time constraints and welfare concerns. Spiral 
scanning will also allow different images from throughout the body to be used for tissue 
predictions and will mean that the operator is not tied to fixed anatomical or skeletal 
positions. This is very important when tissues are mobile within the skeleton. For example, 
internal fat depots may move relative to skeletal landmarks due to pregnancy or gut-fill. 
There may also be differential depletion or repletion of tissue in different body areas 
throughout the reproductive cycle. Increasing the number of images from different scan 
positions using spiral scanning methodology will lead to better estimates of tissue size 
compared to fixed position scanning. 
Environmental variance was lowest and heritability highest in all three tissues during the 
second production cycle of the ewes (at three-years-old). This may be due to the factors 
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fitted in the model. Since number of lambs born in the current year, and number weaned the 
previous year, were included in the mode!, this explained the full reproductive history of 
three-year-old ewes. For older ewes, reproductive performance over several years may have 
had a cumulative effect on tissue levels which was not accounted for in the mode!. This 
would increase the residual variance for four- and five-year-old ewes. However, the reduced 
environmental variance in three-year-old ewes could be a true effect. In the first productive 
year, ewes that had lower levels of carcass fat and muscle pre-mating did not produce lambs 
(Figure 6.7), whereas ewes that did produce lambs were those with higher levels of these 
tissues pre-mating. After one year's production, tissue levels may have converged in the 
different groups, since the poorer ewes have benefited from a year without the demands of 
reproduction, and those that had higher fat and muscle levels at their first mating have 
reduced these reserves as a result of rearing lambs. Therefore, environmental variance in 
tissue levels may be reduced at this point in the productive lifetime of the ewe. 
The genetic correlations between internal fat weights pre-mating and at mid-lactation were 
extremely low, compared to other estimates. This may be a function of the measurement 
technology. The internal fat depot is both smaller (especially at mid-lactation) and more 
mobile relative to the skeleton, than the other tissues. Factors such as gut-fill, pregnancy 
and lactation are likely to alter the position of internal fat depots in relation to the skeletal 
landmarks that are used to position the CT reference scans. Therefore, reproductive state is 
likely to have a larger impact on the accuracy of measuring this depot using CT scanning 
and prediction equations, compared to the carcass tissues. These issues will be examined in 
more detail in future, using images resulting from the spiral scanning process described 
above. 
Ell 
Genetic correlations of one between the same time point in the production cycle at different 
ages, within-tissue, suggest that the same trait is being measured. This implies that ewes 
could be selected for a preferred amount of fat or muscle at a certain point in their first 
production cycle, and these benefits should be maintained at this time point throughout their 
reproductive lifetime. However, lower correlations between different time points (scanning 
events) within an annual cycle (Table 6.5), suggest that selecting for a given tissue weight 
at one time of the year may not lead to similar benefits at other times. For example, genetic 
selection for ewes with high levels of muscle before their first mating will produce ewes 
with a genetic propensity for high muscle weight at pre-mating every year. However, the 
low correlation between pre-mating and pre-lambing muscle weights, means that these ewes 
may not have a genetic propensity for high levels of muscle pre-lambing. If weights of fat or 
muscle in ewes were to be included in the selection criteria for a hill sheep breeding 
programme, it would be impoltant to determine what time of year these levels are most 
important and to select animals on tissue levels at that time point. Breeding goals for hill 
sheep are likely to aim beyond productivity and towards more sustainable production. The 
objective may be to produce ewes that can meet the demands of reproduction in harsh 
environmental conditions by using their body reserves in a manner that will sustain their 
own reproductive potential, as well as produce good lambs. For example, one strategy may 
be to select for ewes which fully replete tissue reserves after weaning lambs before mating 
each year. 
As shown in Chapter 3 during a single production cycle, carcass fat, internal fat and, to a 
lesser extent, muscle were mobilised in times of energy deficit (pregnancy and early 
lactation) and deposited in times of surplus energy (late lactation and the dry period). These 
oscillations in tissue levels were also observed in barren ewes, suggesting that mobilisation 
of body tissue occurs in response to harsh environmental conditions and scarcity of food 
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supply during winter and spring, as well as the pressures of reproduction. 
The patterns of depletion and repletion of carcass fat and muscle over several production 
cycles were significantly different in ewes rearing lambs than in ewes without lambs (Table 
6.6). In ewes with lambs the depletion of these tissues during winter and spring was greater 
than in ewes without lambs, and tissue repletion through summer and autumn was less. 
These results indicate that weights of both carcass fat and muscle increase with ewe age 
from two to five years old. However, the energy required for reproductive function and 
lactation throughout the lifetime of the ewe was met by increased mobilisation of muscle 
and, to a greater extent, carcass fat. This resulted in a lower increase in muscle weight with 
age in reproducing ewes compared to barren ewes, and no net deposition of fat with age in 
ewes producing lambs (Figure 6.6). Internal fat weight did not increase significantly with 
age, in ewes with or without lambs. This implies that although ewes undergo seasonal 
depletion and repletion of internal fat to ensure survival through winter and to help fuel 
reproduction, there is little cumulative deposition of internal fat with age. 
When comparing tissue levels in ewes producing single and twin lambs, there were no 
significant differences in carcass fat, internal fat or muscle levels in the year that the lambs 
were produced. This is likely to be due to preferential management of twin-bearing ewes. 
However, there was evidence of a knock-on effect the following year, when ewes that had 
reared twins carried less carcass fat (P<0.05), internal fat (P<0.1) and muscle (P<O.I) than 
those that had previously reared a single lamb. These differences increased as ewes aged, 
suggesting that older ewes cope more easily with the demands of rearing a single lamb, but 
mobilise similar levels of fat and muscle as younger ewes to meet the additional energy 
demands of producing twins. 
Live weight was not fitted in the models for the three tissues. The aim of this study was to 
investigate the main components of live weight change (weights of muscle and fat) 
independently from each other. Future aims of these studies into tissue depletion and 
repletion in ewes may be to investigate inclusion of these traits in selection indexes for 
breeding animals. For this purpose, it would be important to avoid possible confounding 
between traits. However, preliminary analyses of the data were performed with similar 
models, which also included ewe live weight as a covariate. The sine and cosine 
components were found to be significant for all three tissues, suggesting that oscillations 
occur in carcass fat, internal fat and muscle independent of changes in live weight. These 
results agree with the findings of Weber and Thompson (1998) in deer, and indicate that 
soft tissue proportions change throughout the year. This can also be observed in Figures 6.6 
and 6.7 where the amplitude of the seasonal oscillations of the two fat depots is greater than 
the amplitude of the changes in muscle weight. Therefore, pre-mating, when tissue levels 
are highest, a larger proportion of soft tissue weight is comprised of fat than at mid-
lactation when proportions of muscle are increased. 
6.6 Conclusions 
Seasonal weight changes in fat and muscle in Scottish Blackface ewes can be modelled 
successfully over multiple production cycles using sinusoidal functions and random 
regression methodology. 
While internal fat is an important energy storage depot, carcass fat contributes more to body 
energy transactions in the annual cycle of tissue depletion and repletion of productive ewes. 
Interestingly muscle has much less impact on body energy changes than does fat. 
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Heritability of tissue weights varies through the year, as animals progress through the 
annual production cycle. This is attributable to differences in the proportion of variation 
that is residual error as tissues vary in size, changes in the position of internal fat within the 
gut cavity due to gut-fill and pregnancy, and genetic differences between sheep. 
When the objective is genetic evaluation of differences in tissue size, assessments should be 
taken at a time when heritabilities are highest and account taken of reproductive history. 
The results indicate that scanning ewes pre-mating will provide the best assessments for the 
three tissues studied. Interestingly, this study suggests that using measurements taken after 
the first reproductive cycle and prior to mating (rising 3 years of age) is better than using 
those taken prior to the first reproductive cycle (rising 2 years of age), provided account is 
taken of previous lambing history. 
Further work must focus on examining the relationships between body tissue size, at one or 
more times, and lifetime productivity. Sustainable hill sheep production may be associated 
with a ewe's propensity to buffer the needs of pregnancy, lactation and survival using her 
own body reserves. A better understanding of this is required in our quest to define 
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Figure 6.1: Average tissue levels over multiple production cycles in ewes producing different litter sizes 
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Figure 6.6: Average tissue levels over multiple production cycles in ewes producing different litter sizes 
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Figure 6.7: Mean animal solutions for tissue levels over multiple production cycles in ewes that weaned different numbers of lambs the previous 
year 
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Scottish Blackface ewes (n=308) were CT scanned four times per year(pre-mating, pre-
lainbing, mid-lactation and weaning), from 18 months to five years of age. Total weights of 
carcass fat, internal fat and carcass muscle were estimated at each scanning event. Lambs 
produced by these ewes were weighed at birth, mid-lactation and weaning, to calculate 
Iamb growth traits: total litter weight horn, total litter weight at mid-lactation; total litter 
weight at weaning; total weight gain of lambs from birth until inid-lactation, total weight 
gain oflambsfromn birth until weaning. 
Sinail positive phenotypic correlations and moderate to large positive genetic correlations 
were estimated between total muscle weight throughout the productive lfetimne of the ewe 
and each lamb growth trait. Lamb growth traits recorded at mid-lactation (total litter 
weight; total weight gain of lambs reared) had higher genetic correlations with muscle 
weight than the same lamb growth traits recorded at weaning. phenotypic and genetic 
correlations between carcass fat weight -in the ewe and iamb growth traits were not 
significantly different  from zero for any trait at any scanning event. However, genetic 
correlations with internal fat weight were positive for total litter weights reared to mid-
lactation and weaning, and total weight gain of lambs to mid-lactation and weaning. These 
correlations were small to moderate, except in the case of total litter weight gain to mid-
lactation, which showed moderate to large positive genetic correlations with internal fat 
weight across tune. 
Correlations were also estimated between each pair of CT traits. Total internal fat weight 
and total carcass fat weight were very highly correlated "r = 0. 75, rg = 0.96). 
Correlations with total carcass nmuscle weight were smaller and positive for both carcass 
fat weight ('rn = 0. 48, rg = 0.12) and internal fat weight ('rn = 0. 42, rg = 0.20). 
The results suggest that selection for decreased carcass fat and increased carcass muscle 
in a Scottish Blackface hill flock would not compromise weights of lambs reared. However, 
maintaining fat levels in the internal depot may benefit lamb growth. 
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7.2 Introduction 
Sheep breeding programmes aiming to improve carcass quality usually do so by increasing 
the proportion of lean in the carcass relative to fat. Hill breeds contribute a large proportion 
of genes for lambs slaughtered in the UK, but a low proportion of lambs from these breeds 
meet the target fat and conformation specifications at the abattoir (MLC, 1988). There has 
been concern amongst hill sheep producers that breeding for lower fat levels in hill breeds 
may compromise some important maternal traits. Many breeding hill ewes live in harsh, 
extensive environments where food is scarce and weather conditions severe for a large part 
of the year. In these environments body tissues are mobilised by the ewe to cope with the 
harsh conditions and with the pressures of reproduction (Russel et al., 1968 Chapter 3). 
The amount of fat and muscle carried by hill ewes at different stages of the annual 
production cycle has been shown to affect reproductive traits. Gunn and Doney (1975) 
found that poor condition of Scottish Blackface ewes at mating can lead to suppressed or 
delayed oestrus and ewes returning to service, and also that condition score pre-mating was 
positively related to ovulation rate and negatively related to embryo mortality. Body 
condition during pregnancy and lactation may also affect milk production and quality 
(Cowan etal., 1980; Gibb and Treacher, 1980; Peart, 1968). These traits will in turn affect 
litter size and lamb growth. Positive relationships have been reported for ewe condition at 
parturition with traits such as daily growth rate and overall live-weight gains of twin lambs 
(Gibb and Treacher, 1980), and for ewe ultrasonic fat and muscle depths pre-mating with 
lamb weights at mid-lactation (rg = 0.134 and 0.284 respectively; (Conington and 
Hernando, 2000). Research in dairy cows has shown a positive genetic relationship 
between propensity to mobilise body tissue and increased milk yield (Coffey etal., 2001). 
Chapter 3 of this thesis showed that in Scottish Blackface ewes, both carcass fat and 
internal fat are mobilised to provide energy to fuel pregnancy and early lactation in a hill 
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environment. 
Fat and muscle levels in ewes, and the mobilisation of these tissues during the production 
cycle, can be studied using X-ray computer tomography (CT scanning). This method 
allows accurate in-vivo predictions of total tissue weights in different body depots. 
Repeated measurements can be taken on individual ewes at different times during their 
reproductive lifetime. Results in Chapter 3 showed that carcass fat, internal fat and, to a 
lesser extent, muscle are mobilised in times of energy deficit (pregnancy and early 
lactation) and deposited in times of surplus energy (late lactation and the dry period). Fat 
and muscle levels have been modelled in breeding hill ewes throughout the reproductive 
lifetime using random regression (Chapter 6). This method allows a fixed regression to 
describe the average shape of the curve for fat or muscle levels across multiple production 
cycles, and a random regression to describe the deviations of each individual ewe from the 
average curve. The opportunity exists to examine genetic relationships between ewe tissue 
weights modelled in this way and lamb production traits. 
This chapter reports on the relationships between levels of carcass fat, internal fat and 
muscle in the ewe at different points throughout her productive lifetime, assessed using CT 
scanning, and lamb weights and growth rates during rearing. 
7.3 	Materials and methods 
Data from a total of 308 Scottish Blackface ewes were included in the analysis. Ewes were 
CT scanned four times per year: pre-mating, pre-lambing, mid-lactation and weaning, from 
18 months until 5 years of age. Total weights of carcass fat, internal fat and carcass muscle 
were estimated from five cross-sectional reference scans at each scanning event, using 
previously-derived prediction equations (Chapter 2). Lambs produced by these ewes in 
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each year were weighed at birth, mid-lactation (at an average of 52 days old) and weaning 
(at an average of 111 days old). Total weights of lambs reared by each ewe were calculated 
at each of these time-points (sum of live weights of litter). Lamb weights were not included 
in the analysis if one or more of the litter had died, or been fostered. Total weight gains of 
lambs from birth to marking, and from birth to weaning were calculated for each ewe in 
each year. Therefore, values for a maximum of 12 CT traits (4 scanning events x 3 tissues) 
and 5 lamb weight traits per year were produced for each ewe for a maximum of four years. 
The total number of records for each of these traits is shown in Table 7.1. 
Table 7.1: Counts of records and raw means for each trait of interest 
Trait type 	Trait Production stage No. of Trait mean 
records (kg) * 
CT 	Carcass fat weight pre-mating 850 5.28(l.50) 
(CFWT) pre-lambing 672 4.14(l.35) 
mid-lactation 669 2.98 (l.50) 
weaning 661 3.76(l.75) 
Internal fat weight pre-mating 850 2.92(l.07) 
(IFWT) pre-lambing 672 1 .90 (0.89) 
mid-lactation 669 1.35 (1.22) 
weaning 661 1.90(l.28) 
Carcass muscle weight pre-mating 850 12.3 (0.99) 
(CMWT) pre-lambing 672 11.3 (0.99) 
mid-lactation 669 11.4(l.30) 
weaning 661 12.5 (1.13) 
Lamb growth Total weight of litter 	birth (BW) 	 685 	6.26(l.88) 
mid-lactation (MW) 	679 	27.2 (8.70) 
weaning (WW) 	 683 	42.5 (12.9) 
Total litter weight gain to mid-lactation (WGM) 	676 	21.0 (7.23) 
to weaning (WGW) 	680 	36.3 (11.4) 
*standard deviations in parenthesis 
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For each of the lambs growth traits, 47% of records were from ewes producing single 
lambs and 53% from ewes producing twin lambs. 
All ewes were from a SAC research farm in the Pentland hills, near Edinburgh. Further 
details of the farm and the feeding and management regime are given by Con ington et al. 
(1995) and in Chapter 3 
The pedigree file used in the analysis contained the sires (n=42) and darns (n=260) of all 
ewes, with the exception of three ewes that had no pedigree information and a further 48 
ewes with darn, but no sire information. Also included in this file was information on the 
paternal grandparents of 39 ewes and maternal grandparents of 44 ewes. 
Genetic and phenotypic correlations were estimated between each CT trait and each lamb 
growth trait listed in Table 7.1, using bivariate analyses in ASREML (Gilmour et al., 
2001). The following models were fitted: 
BWIkI1110 = j.t + Si + G + Hk + Y1 + 131, + A1, + P0 + eijklinno 
MWjj O =L+S+GJ+Hk+YJ +K1fl +Afl +Po +ejjkIilrno  
WWIkj100 = + Si+ G + Hk + y1 + N11, + A0 + P0 + eijkhmo 
WGM k!000 = + Si + G + Hk + Yl + B10 + K0 + A. + P + eJkI1O 
WGWl kIlflflOP =t+Sl +GJ+Hk+Y,+B10 +Nfl +A0 +P+e 0 
Tijumnop = + D1 + L + Wk  + Al + Asin(XD)110 + Acos(XD)1 + P0 + R + eijuiop 
Where, 
T = total tissue weight estimated by CT 
mean 
G= ewe age in days (fixed) 
H = heft grazed (fixed) 
Y = year (fixed) 
L = litter size (fixed) 
W = number of lambs weaned the previous year (fixed) 
R = year of birth of ewe (fixed) 
B = lambing date (covariate) 
K = age of lambs mid-lactation (covariate) 
N = age of lambs at weaning (covariate) 
D = ewe age in days (covariate) 
S = lamb sire (random) 
A = animal (random) 
P = permanent environmental effect (random) 
X = 2* t/365 
e = residual error 
For the lamb growth trait in each bivariate analysis, records from each age of the ewe were 
considered repeated measures, with a genetic correlation of unity. The model for the CT 
traits, however, allowed repeated measures at different times of year and ages to be 
different but correlated traits. In the models for the CT traits, individual animals were 
allowed to have different coefficients for the sine and cosine terms (random regression 
coefficients), therefore amplitude of the oscillations in each tissue could differ between 
ewes (Chapter 6). Covariances were fitted in each bivariate model between all random 
animal terms (A(1 flb a jt), A(CTtrait), sin term, cos term) and between permanent environment 
effects for the CT trait and lamb growth trait. However, for four of the pair-wise analyses 
the full models would not converge, so permanent environmental effects were fitted for 
each trait, but no covariance was fitted between permanent environmental effects. These 
analyses were: CMWT - WW; CMWT - WGW; CFWT - WW; CFWT - WGW. 
In each bivariate analysis, residual error was split into seventeen classes: one class for the 
lamb growth trait and sixteen classes for the CT trait, representing each scanning event at 
each age. Therefore, residual error was assumed to be homogeneous within class, but 
heterogeneous across classes. 
Genetic and phenotypic correlations were estimated for every pair-wise combination of 
traits at each scanning event at each age (16 time-points in total), to determine how 
relationships between CT and lamb growth traits changed throughout the reproductive 
lifetime of the ewe. 
Genetic and phenotypic correlations were then estimated between each possible pair of CT 
traits using bivariate analyses in ASREML (Gilmour et al., 2001). The full model shown 
above for CT tissue weights would not converge, due to the limited size of the data set and 
pedigree structure. Therefore, a reduced model was fitted which did not include the sine 
and cosine components or ewe age, but fitted scanning event (pre-mating, pre-lambing, 
mid-lactation or weaning). 
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7.4 Results 
Phenotypic correlations with all five lamb growth traits over 16 time-points ranged from - 
0.04 to 0.05 for CFWT, -0.04 to 0.08 for IFWT and 0.03 to 0.16 for CMWT. Standard 
errors for the phenotypic correlations between were in the range 0.02 - 0.05 between each 
pair of traits at all time-points. Correlations between lamb growth traits and CFWT or 
IFWT were not significantly different to zero at most time-points. 
Figures 7.1 to 7.5 show genetic correlations between lamb growth traits and ewe tissue 
weights at four time-points per year (pm=pre-mating, pl=pre-lambing, mmarking, 
w=weaning) for four years of production (2yo=two years old, 3yo=three years old, 
4yo=f6ur years old, Syofive years old). Despite large standard errors, some clear trends 
emerge. 
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Moderate to large positive genetic correlations were estimated between CMWT at all time-
points and BW (Figure 7.1). Small to moderate negative genetic correlations were 
estimated between CFWT at all time-points and BW, but these were not significantly 
different from zero. No reliable correlation estimates were obtained between IFWT and 
BW, due to large standard errors. 
MW (Figure 7.2) and WW (Figure 7.3) showed moderate to large positive genetic 
correlations with CMWT throughout the productive lifetime of the ewe. IFWT was also 
positively correlated with MW and WW. These correlations were small to moderate in size 
and were smaller for WW than MW. Correlations between MW or WW and CFWT were 
not significantly different to zero at any time-point. 
Figure 7.4: Genetic correlations between CT traits and total weight gain of lambs from birth 
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Figure 7.5: Genetic correlations between CT traits and total weight gain of lambs from birth 
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High positive genetic correlations were estimated between WGM and CMWT across time 
and moderate to large positive correlations between WGM and IFWT (Figure 7.4). 
Similarly, CMWT and IFWT were positively correlated to WGW (Figure 7.5), although 
the magnitude of these correlations was lower than for WGM. Genetic correlations 
between WGM or WGW and CFWT were not significantly different to zero at any time-
point. 
Correlations were very similar at the same scanning event at different ages for all 
combinations of traits. This suggests that traits are under the same genetic control in each 
age group of ewes. 
The highest genetic correlations between CMWT and BW were found pre-mating and the 
lowest correlations at mid-lactation at each age. For all other lamb growth traits the highest 
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correlations with CMWT were found pre-mating and pre-lambing and the lowest at mid-
lactation and weaning. The highest correlations with IFWT were estimated pre-lambing 
and the lowest at mid-lactation for all lamb growth traits at each age. Correlations with 
CFWT tended to be more positive pre-lambing than at other events. However, due to large 
standard errors, correlations were not significantly different between different time-points 
for any of the pair-wise trait comparisons. 
Phenotypic and genetic correlations between CT traits are shown in Table 7.2. Correlations 
between both fat weights and CMWT were small to moderate and positive, although large 
standard errors for the genetic correlations mean that they are not significantly different 
from zero. Genetic and phenotypic correlations between fat weights in the carcass and 
internal depots were very high and positive. 
Table 7.2: Phenotypic and genetic correlations (and standard errors) between CT traits 
r 	 r 
CFWT - IFWT 	0.96 (0.05) 	0.75 (0.01) 
CFWT—CMWT 	0.12 (0.26) 	0.48 (0.03) 
IFWT - CMWT 	0.20 (0.23) 	0.42 (0.03) 
7.5 Discussion 
Results indicate strong positive genetic relationships between the weight of muscle carried 
by the ewe throughout her productive lifetime and the total weight and growth rate to 
weaning of the litters she produces. This relationship must be weakened by environmental 
factors because lower phenotypic correlations are found between muscle weight and lamb 
growth traits. 
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Genetic correlations between carcass fat weight and lamb growth traits were close to zero 
in all cases. Positive relationships have been reported in the past between ewe condition 
score around the time of parturition and traits such as milk production and weight gain of 
lambs (Gibb and Treacher, 1980; Peart, 1970), suggesting that ewe fatness is positively 
associated with lamb growth. However, Cowan et al. (1980) found that the level of body 
fat reserves during early lactation, determined by chemical analysis, did not significantly 
affect milk yield. The current study found no association between total carcass fat weight 
(measured by CT) and weight gain of lambs from birth to mid-lactation or weaning. 
Condition score reflects soft tissue deposition, rather than carcass fat alone, and although it 
is highly correlated with subcutaneous and inter-muscular fat in the lumbar region, it is not 
an accurate predictor of body composition in general or fat depots in other areas (Frutos et 
al., 1997). Therefore, the increase in lamb growth with condition score in earlier studies 
may be due to a related increase in muscle, rather than carcass fat. Although the level of 
carcass fat in the ewe appears to have very little genetic association with the weight of 
lambs born or reared within the range of carcass fat weights found in this study, the 
relationship may be non-linear. There could be a desired minimum level of carcass fat out-
with the range studied here, beyond which negative affects on lamb production and growth 
could occur. 
For internal fat weight, phenotypic correlations with lamb growth traits were close to zero, 
but positive genetic correlations were estimated with lamb weight gains and litter weights 
at mid-lactation and weaning. This indicates that ewes with high levels of internal fat will 
have a genetic propensity to rear heavier litters. Wood et al. (1980) found that maternal 
breeds, selected for prolificacy and milking ability, have larger internal fat depots in 
relation to carcass weight and total fat than meat-type breeds. They suggested that internal 
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fat may be required to maintain lactation or as an energy reserve. McClelland and Russel 
(1972) reported a high level of internal fat and a high rate of fat deposition in this depot 
relative to other fat depots in the Finnish Landrace breed, which is renowned for its 
prolificacy. Breed differences in 'lactability' (genetic milking potential adjusted for body 
size) have also been found to be related to proportion of intra-abdominal fat in mature 
cows (Taylor and Murray, 1991). The current study supports the theory that large internal 
fat depots are correlated with maternal ability. 
For the lamb growth traits in this study, lamb weights and weight gains were summed over 
the total litter for each ewe. These traits were not adjusted for number of lambs in the litter. 
Since approximately half the lamb growth records in the data set were from ewes rearing 
single lambs and half from ewes rearing twins, total weight of lambs born and reared will 
be affected by variation in both litter size and to a lesser extent individual lamb weights. 
Preliminary analyses, adjusting lamb growth traits for litter size, resulted in higher positive 
genetic correlations between lamb growth traits and ewe fat weights and lower correlations 
with muscle weights than those presented in this paper. This suggests that muscle weight 
has a great effect on litter size but fat weight has a negligible effect and that both affect 
lamb growth with fat increasing in relative importance. Since this study was investigating 
the relationship between body tissue weights and production of the ewe, total weight of 
lambs reared is a better measure of metabolic load on the ewe than average lamb 
performance. Thus further data analyses did not adjust for litter size. Earlier results from 
CT studies on two-year-old Scottish Blackface ewes (Chapter 5) suggested that pre-mating 
muscle weight in the ewe was positively correlated with number of lambs subsequently 
born. Conington et al. (2001) found that mature weight of Scottish Blackface ewes showed 
moderate positive genetic and phenotypic correlations with the number of lambs that they 
reared, as well as with average weights of lambs weaned by the ewe. Results of the current 
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study clearly indicate that it is the larger muscle weight component of live weight, rather 
than fat weight, that is driving these positive relationships. 
Whereas total weights of lambs born and reared reflect litter size plus individual lamb 
weights, total weight gains to mid-lactation and weaning will reflect the milking and 
mothering abilities of the ewe. Compared to lamb growth traits recorded at mid-lactation 
(total lamb weights; total litter weight gain during rearing), genetic correlations with 
CMWT and IFWT were reduced when considering similar lamb growth traits recorded at 
weaning. This would be expected, since lambs become increasingly independent during 
late lactation and rely less on milk provided by the ewe. Owen (1957) concluded from a 
study of Welsh Mountain sheep, that milk yield of the ewe had a large initial effect on 
lamb growth, but that this effect declined as lactation progressed. 
Genetic correlations between lamb growth traits and CT traits were affected by scanning 
event, but not age of the ewe. The same correlations were found at the same scanning event 
at each age. This is not surprising, since Chapter 6 found that genetic variances in CT 
tissue weights showed seasonal fluctuations, but did not appear to be affected by age of the 
ewe. Differences in heritabilities of these traits in ewes of different ages were due to 
differences in environmental variance (Chapter 6). Although genetic correlations at 
different time-points were not significantly different within any of the pair-wise trait 
comparisons, there were tendencies for higher correlations between lamb growth traits and 
muscle weight measured pre-mating and between lamb growth traits and fat weight 
measured pre-lambing. Pre-mating is the point in the annual production cycle at which 
ewes carry most carcass muscle, having recovered condition following the weaning of their 
lambs (Chapter 6). Therefore, the genetic relationship with lamb growth traits is strongest 
when muscle deposition is not limited by environmental factors. If body fat is an important 
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energy store which is mobilised to help fuel lactation, it would be expected that pre-
lambing reserves have the strongest relationship with lamb growth. Variation in all tissue 
weights was greater pre-mating and pre-lambing than during lactation. Lower genetic 
correlations between lamb growth traits and tissue levels during lactation may be partly 
due to this reduction in variation. There may also be reduced accuracy of CT prediction 
equations at events when tissue levels are depleted, especially in the smaller fat depots, due 
to the fact that prediction error is proportionately larger (Chapter 6). 
The limited size of the data set and pedigree structure mean that, although the general 
direction and magnitude of the genetic relationships can be observed, precise estimates of 
correlations are unreliable, due to large standard errors. CT scanning is continuing on the 
ewes in this flock at four events per year. Therefore, more accurate estimates will be 
possible following further data collection. With a larger data set it will also be possible to 
investigate genetic relationships between ewe tissue levels and lamb survival. 
7.6 Conclusions 
These results have interesting implications for the design of breeding programmes to 
improve carcass quality in hill breeds. Positive genetic correlations suggest that selection 
for increased lean tissue in Scottish Blackface sheep will result in ewes with a genetic 
propensity to produce heavier litters of lambs. Whereas, genetic correlations close to zero 
mean that selection against carcass fat in a breeding programme for Scottish Blackface 
sheep should not have an impact on the ability of the ewe to produce and rear heavy litters. 
The low genetic correlation between carcass fat weight and carcass muscle weight implies 
that simultaneous selection for increased lean and decreased fat would be successful. This 
agrees with results from earlier trials using ultrasound scanning (Simm and Dingwall, 
1989). There may be benefits to maintaining internal fat levels in hilt breeds, since these 
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depots appear to be positively associated with lamb growth. The genetic correlation 
between carcass fat and internal fat was very high, but was not unity, which implies that 
there would be limited scope to reduce carcass fat whilst maintaining internal fat levels. 
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Chapter 8: General Discussion 
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8.1 	Summary of findings: The importance of different tissues for hill ewes 
Hill sheep producers face a conflict of interests: on one hand the objective is to produce 
lean slaughter lambs with a reduced proportion of carcass fat to meet market specifications; 
on the other hand it is believed that hill ewes require adequate fat reserves to provide 
energy to survive and reproduce in harsh environments. This study addressed these issues 
by investigating seasonal changes in weights of different tissues and depots in the ewe and 
examining the roles of these tissue reserves throughout the annual production cycle. 
8.1.1 Carcass fat 
Of the three main tissues studied (carcass fat, internal fat and carcass muscle), carcass fat 
showed the largest absolute weight changes across the reproductive cycle. When carcass 
fat was split into component parts, it was shown that the majority of this weight loss was 
due to mobilisation of the subcutaneous fat depot. This was also the last fat depot to be 
repleted when environmental conditions improved. The results of Chapter 3 indicate that, 
of the different tissues, carcass fat provides the main source of energy to survive harsh 
winter conditions and to fuel pregnancy and lactation. 
Reproduction has a large effect on carcass fat levels, with barren ewes carrying more 
carcass fat than reproducing ewes from the end of winter. Carcass fat levels increase with 
age of the barren ewe, but this is not evident in reproducing ewes. Adjusting feeding and 
management regimes depending on the number of lambs that the ewe is producing is 
successful in balancing carcass fat levels in single- and twin-bearing ewes during that year. 
However, the results suggest that ewes that produce twins carry less carcass fat in the 
following production season than those that have reared single lambs, even with 
preferential treatment in the year that they produce twins. 
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Carcass fat levels in the ewe are moderately to highly heritable. The amount of weight lost 
from the carcass fat depot during the annual cycle also appears to be under moderate 
genetic control. 
There was some evidence that depletion of carcass fat over the reproductive season may 
have positive genetic relationships with the total weight of lambs reared. However, most 
genetic correlations between carcass fat levels and lamb production traits were not 
significantly different from zero, suggesting no firm genetic relationship. 
8.1.2 Internal fat 
In proportion to tissue size, internal fat showed the largest changes across the reproductive 
cycle. Results suggest that this depot is depleted to provide energy during winter, in order 
to endure the harsh environmental conditions and to help fuel pregnancy. This fat depot 
appears to be repleted before carcass fat when environmental conditions improve during 
summer. Barren ewes carry more internal fat than reproducing ewes after lambing time. 
However, internal fat levels do not appear to increase with age from two to five years old, 
regardless of reproductive status. 
Internal fat levels in the ewe, and the depletion of this depot during the annual cycle, have 
moderate to high heritabilities. Positive genetic correlations suggest that high internal fat 
levels in ewes of all ages, and increased seasonal depletion of this depot, may be related to 
the ability of the ewe to rear heavy litters of lambs. 
123 
8.1.3 Carcass muscle 
Carcass muscle showed the smallest seasonal oscillations of the three tissues studied, both 
in absolute and proportionate terms. This tissue was only mobilised when fat had fallen to 
low levels, and was the first tissue to be repleted. Therefore, depletion of muscle reserves 
appears to contribute little, in terms of energy for survival and reproduction, compared to 
fat. 
Nonetheless, reproduction has been shown to affect muscle levels, with barren ewes 
carrying more muscle than reproducing ewes. There is also a knock-on effect the following 
year, when ewes that did not rear a lamb the previous year carry significantly more muscle. 
Muscle levels increase with age of the ewe, this increase being greater in ewes that do not 
produce lambs. 
Moderate to high heritabilities have been estimated for muscle levels in the ewe throughout 
their reproductive lifetime. The amount of muscle weight lost during the annual cycle also 
appears to be under moderate genetic control. 
Weight of muscle carried by the ewe, and the ability to deplete this reserve over the 
reproductive season, are positively correlated with number and weight of lambs born and 
reared. Genetic correlations with these lamb production traits are moderate to high. 
8.2 	Limitations of the study 
8.2.1 Project design 
The data for this study was collected as part of a larger research project designed to 
investigate optimum selection indices for hill sheep production. Although the farm used for 
this research flock is typical of hill farms in the Pentland area, factors such as topography, 
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vegetation, climate, breed, strain and management may differ compared to other UK hill 
farms. Therefore, the levels of tissue mobilisation observed in the ewes in the present study 
may differ compared to hill ewes on other farms. It is likely that in poorer environments, 
ewes will lose a larger proportion of their body reserves to survive the pressures of winter 
and reproduction. Further studies of ewes on different hill management regimes would be 
of interest. 
8.2.2 Use ofprediction equations 
Throughout this thesis, total weights of carcass fat, internal fat and carcass muscle have 
been calculated from a total of five two-dimensional reference scans using prediction 
equations developed in Chapter 2. From the R-squared values achieved for these regression 
equations, the models appear to account for a large proportion of the variation in total 
tissue weights. With the Siemens Somatom CR scanner used in this study, the reference 
scan method was the only available technique to allow the required number of ewes to be 
scanned within the short time-window available at each scanning event. 
However, some concerns remain with the use of prediction equations. The equations were 
all derived from a dissection trial using cull Scottish Blackface ewes. For ethical reasons, 
all ewes in the trial were four or five years old and were not pregnant or lactating. It is 
likely that the relationships between tissue measurements taken from reference scans and 
dissected tissue weights may alter with ewes of different ages, or more importantly 
different physiological states. It is possible that the seasonality observed in total tissue 
weight in Chapters 3 and 6, in heritabilities of tissue weights in Chapter 6 and in genetic 
correlations with lamb production traits in Chapter 7, could be partly due to the fact that 
ewe tissue weights are being predicted more accurately at some times of the year than 
others. 
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The internal fat prediction equation was based on the hip reference scan only and used non-
carcass fat area as the only predictor of total internal fat weight. The non-carcass portion of 
the reference scans taken in the chest and abdominal regions are largely composed of 
internal organs and gut fill, some of which are expected to have similar densities as the 
major tissues (fat, muscle, bone). This may help explain why the areas from the reference 
scans in the chest and abdominal regions were not found to be useful predictors of 
dissected internal fat. It is likely that pregnancy and lactation would have a large affect on 
the hip area, since this is the scan position at which the udder can be seen. Therefore, the 
accuracy of the prediction equation may be reduced when ewes are in a different phase of 
the reproductive cycle than the ewes involved in the calibration trail. The possibility of 
refining the prediction equation for internal fat will be discussed in the section below that 
considers possible future research. 
The muscle weight prediction equation had an R-squared value of 81.4% (Chapter 2). This 
value was low compared to previous predictions in lambs. Total muscle weights in Suffolk, 
Charollais and Texel lambs, predicted using three CT reference scans (ischium, LV5, 
TV8), had R-squared values of 96%, 98% and 96% respectively (Jones et al., 2002; Young 
et at., 1999b). However, the prediction equations used for these lambs from terminal sire 
breeds included live-weight. As explained in the discussion section of Chapter 2, the 
current study did not include live-weight in the prediction equation models, in order to 
keep estimates for the different tissues independent and to avoid confounding with other 
traits if these estimates were to be included in selection indices in future. Therefore, the 
lower accuracies were accepted in this study. 
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8.2.3 Timing of scanning events 
In the random regression model used in Chapters 6 and 7, age of the ewe in days was 
included in the model. There was a small amount of variation in ewe age at each scanning 
event within age group, but there were large gaps between scanning events where no 
information was available on ewe tissue levels. Smoothed sine /cosine curves were fitted to 
predict tissue levels between these time points. However, tissue levels may not follow such 
predictable patterns between scanning events, especially during pregnancy. Russel et al. 
(1968) found that total fat weight was not significantly reduced during the first four months 
of pregnancy, but mobilisation greatly increased towards the end of pregnancy. Scans were 
only taken pre-mating and in very late pregnancy in the present study. Nonetheless, the 
random regression model was shown to fit well to the available data. The scanning events 
were chosen to coincide with major handling times for hill sheep, so any recording of, or 
selection on, CT data, as part of a hill sheep breeding programme, would be likely to take 
place at one of these times. Therefore, genetic parameters estimated at these time points 
were thought to be most useful. 
8.2.4 Large standard errors for genetic parameters 
Although some general trends could be observed, the large standard errors associated with 
the genetic parameters estimated in Chapters 4, 5 and 7 meant that precise estimates of 
genetic correlations, in particular, could not be obtained. At the outset of this study, the 
plan was to analyse data from a total of five years' CT scanning of ewes, from pre-mating 
1997 to weaning 2002. However, the outbreak of foot and mouth disease in 2001 meant 
that no CT scanning could take place from February to October that year, because of 
movement restrictions and bio-security concerns. Therefore, data was lost from three 
scanning events (pre-lambing, mid-lactation and weaning). Since the ewes born in 1999 
had only been scanned pre-mating in their first reproductive year and had missed the 
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following three scans due to foot and mouth restrictions, it was decided that these ewes 
would not undergo further scanning in order to reduce ewe numbers. As a result, there 
were 40 less ewes in the final data set than originally expected and one year less scanning 
data for each ewe in the data set. Had this data been available, genetic parameter 
estimations may have been improved. 
8.3 	Implications for hill sheep breeding programmes 
In a large proportion of hill sheep farms, lambs are removed from their mothers at weaning 
and sold as 'store' lambs to be finished by another producer on better quality lowland 
grazing. The value of these lambs to the bill farmer therefore largely depends on weight at 
weaning, whereas the producer that finishes the lambs is paid by the abattoir on carcass 
quality (proportions of lean and fat) as well as weight. One of the objectives of this study 
was to investigate whether hill sheep could be selected for increased carcass lean and 
decreased carcass fat without affecting the maternal ability of the ewe. 
The results found in this thesis suggest that, although carcass fat provides a source of 
energy for hill ewes during times of nutritional and physiological stress, reducing this 
depot, at least within the range found in this flock, is not expected to have any negative 
effect on lamb production. Internal fat weight, which does not affect carcass grading, is 
also mobilised to provide energy when environmental conditions are poor, but has a 
positive genetic relationship with lamb rearing weights. Muscle weight in the ewe is 
mobilised to provide energy only when fat levels have been greatly reduced and has the 
highest genetic correlations with lamb growth traits. 
To achieve the aims of increasing litter weights at weaning whilst improving carcass 
quality, it may therefore be preferable to increase muscle weight in the ewe flock, decrease 
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carcass fat weight and maintain, rather than reduce, internal fat. The high heritabilities 
found for all three CT tissue traits suggest that genetic improvement due to selection on 
any of these tissues could be rapid. However, to select for all changes simultaneously, as 
well as other economically important traits, would require use of a multi-trait selection 
index (Simm, 1998), which would lead to slower genetic progress in individual traits, but 
should maximise overall economic gain. The low genetic correlations between muscle and 
fat weights found in Chapter 7 suggest that it would be possible to increase one, whilst 
decreasing the other. However, the fact that the two fat depots are very highly correlated 
genetically means that it would be difficult to successfully lower fat in one depot and not 
the other, especially as part of a selection index involving many traits. 
Other factors would need to be considered before these CT traits could be incorporated 
into a selection index for hill sheep. These would include estimating genetic correlations 
with other traits of economic importance, such as fat and muscle levels in lambs, longevity, 
lamb losses, mature size (Conington et al., 2001), as well as appropriate economic values. 
For example, selecting for increased muscle weight may increase mature ewe size, 
therefore maintenance requirements. In previous hill sheep selection indexes mature ewe 
weight has been given a negative economic value (Conington et al., 2001). 
It is difficult to determine from the results of Chapter 5 whether ewes with a genetic 
propensity to lose tissue wean a heavier weight of lambs, or whether ewes with a genetic 
propensity to rear more and heavier lambs suffer greater tissue loss as a consequence. The 
number of lambs reared by the ewe (one or two) has been shown to affect tissue levels the 
following year (Chapter 6). If this effect is due to the increased maternal input required to 
rear two lambs compared to one, it may follow that rearing heavier total litter weights is 
likely to reduce the tissue reserves of the ewe the following year compared to rearing a 
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lighter litter. The difference between ewes that had reared singles or twins in Chapter 6 
was only significant for carcass fat. Since carcass fat showed very low genetic correlations 
with lamb growth traits (Chapter 7) any reduction in this tissue due to increased output in 
the previous year is unlikely to affect the potential of the ewe to rear a heavy litter the next 
year. 
As selection occurs within a breeding population it is likely that shape and composition of 
the animals within that population will change. Therefore, prediction equations derived 
from calibration trials to predict total tissue weights from reference scans will become less 
relevant as the population is improved. Although the lambs of the ewes in the current study 
were undergoing genetic selection, the ewes themselves were not, so are not assumed to 
have changed in general composition from those involved in the calibration trial in Chapter 
2. However, this should be borne in mind when using prediction equations to select 
animals on CT measurements as part of a breeding programme, and prediction equations 
should be re-assessed every few generations. 
8.4 	Future research 
8.4.1 Collection offurther CT data and modjflcation ofprediction equations 
A proportion of ewes from this research flock continue to be scanned four times per year, 
so the data set is expanding and the pedigree structure deepening. Genetic parameter 
estimation should be repeated, once data have been collected for a few more years, in order 
to confirm the results presented in this thesis and to produce more precise estimates of 
parameters. 
The capability of the newly installed CT scanner at SAC to take spiral scans means that 
many sequential scan images can be captured on each animal within a few minutes. This 
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allows very accurate estimations of total body tissue volumes using the Cavalieri method, 
as described in Chapter 1. These estimates can then be converted to weights and used in 
place of dissected tissue weights to produce prediction equations for estimating tissue 
weights from reference scan data. In this way, new prediction equations could be derived 
for ewes at each scanning event, to test whether the equations resulting from the calibration 
trial (Chapter 2) are relevant for use on ewes in different stages of reproduction. 
Another function of the new scanner is three-dimensional (313) visualisation. The 
sequential images from the spiral scan can be stacked together and the resulting 3D image 
rotated on the PC monitor to view all or part of the animal in different planes. This 
function may be useful for identifying and measuring different organs or tissue depots, 
such as internal fat, more accurately. Using this technique, internal fat could then be split 
further into component parts. 
8.4.2 Relationships between CT tissue weights and other important production traits 
Following the collection of further data, additional analysis should be performed to 
investigate how ewe tissue weights, and changes in these tissues across the season, relate to 
survival of both the ewe herself and the lambs that she produces. This is of great 
importance when designing breeding programmes for low-input management systems. The 
results in Chapters 5 and 7 suggest that weights of fat and muscle in the ewe, and the 
seasonal oscillations in these tissue levels, affect lamb growth. This relationship is likely to 
be largely due to the effect of tissue mobilisation on milking ability, which would also be 
expected to affect lamb survival. The use of CT scanning may also allow relationships to 
be investigated between fat levels in different depots of the ewe and 'brown fat' in their 
new-born lambs. This foetal adipose depot is mobilised rapidly after birth, upon exposure 
to a cold environment, and is thought to be crucial to lamb survival. It is also known to be 
influenced by ewe nutrition during gestation (Symonds et al., 2003). 
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In the past two years, the project within which this study was undertaken has also CT 
scanned the progeny of the ewes at weaning. This will allow genetic relationships to be 
investigated between tissue levels in female lambs and mature ewes. The possibility of 
selecting for a trait in the lamb that will lead to preferred tissue deposition in mature ewes 
can then be explored. This project will also allow relationships to be studied between 
tissue levels in the ewe and carcass composition in the slaughter generation. 
8.5 Conclusions 
This thesis has demonstrated the power of CT scanning to investigate body composition 
changes in individual animals across time. This method has provided a unique opportunity 
to study the roles of different body tissues in breeding ewes throughout their reproductive 
lifetime, in an ethically acceptable manner. CT scanning is likely to have a significant 
impact on the design of sheep breeding programmes and selection indexes in the future. As 
well as the more obvious benefits of increasing selection accuracy for carcass composition 
traits in meat breeds, this thesis has demonstrated how CT scanning could also be used as a 
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